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SUMMARY
New aluminium alloys are required with strengths comparable with those of 
conventional precipitation hardened A1 alloys, but with improved high 
temperature stability# Evaporation, because of the intimate mixing in the 
vapour stream, offers a possible way of producing such alloys# This thesis 
describes a study of the vapour codeposition of aluminium and oxygen, and 
investigations of the structures and properties of the deposits.
First, a study of the nucleation and growth of pure A1 films showed that 
the mobility of atoms on the surface had a marked effect on the observed 
structures*
An investigation of the initial oxidation of freshly deposited A1 films 
gave a quantitative measure of the oxygen sticking probability and the 
surface roughness, both of which affect the oxygen content of eodeposited 
Al-0 films. Al-0 films, 200nm thick, deposited between 77°K and 573°K, 
were examined by electrical resistivity measurements and electron 
microscopy# The grain size decreased with temperature, to approximately 
Anm at 77°K# Four annealing stages were identified, associated with the 
removal of defects and the redistribution of oxygen#
Deposits, 20pm thick, showed that the extremely small grain size was 
maintained with increasing thickness at 77°K. with 300°K deposits, 
however, the grains grew to about 1pm in diameter as the thickness increased, 
and they developed straight, oxygen decorated boundaries# Heating in vacuo 
to above 673°K produced small particles in the grains# Microhardness
changes coincided with the annealing stages observed in the thin films.
The production of the observed structures is discussed in terms of the 
mobilities of A1 and 0 atoms and 0^ molecules on the .-growing surface.
Hardnesses comparable with those of strong Al alloys could be maintained 
for I2h at 673°K, a tenperature at whicdi most ^  allo^ rapidly soften, 
but because of internal stresses and oxidized boundaries, these harder 
deposits were brittle.
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CHAPTER 1
INTRODUCTION
1*1 BACKGROUND TO THE RESEARCH
Aluminium alloys are usually hardened by a fine dispersion of particles of 
an interaetallio phase produced from a supersaturated solid solution by a 
precipitation process (see for example the review "Precipitation Hardening” 
by Kelly and Nicholson*)* The alloy is heat treated at a relatively high 
temperature where the solute has a reasonable solubility and then quenched 
to a temperature at which the solute has a very low solubility (eg for 
copper in aluminium^ the solubility; is 5*7 wt % at 82i°K and less than 
0*1 wt % at 473°K) * The resulting supersaturated solid solution is then 
heat treated (aged) at an intermediate temperature, where the diffusion 
rate can be carefully controlled, to produce a fine dispersion of particles 
that act as barriers to dislocation movement* There must be a limited 
solubility and low diffusion rate at the temperature at which the alloy is 
to be used (usually below the ageing temperature) or the precipitation 
process will proceed too far and produce too coarse a dispersion (over­
ageing)* A1 alloys are required, however, for high temperature applications: 
for instance, a supersonic aeroplane travelling at Maeh 2 has a skin 
temperature of approximately 390°K# Efforts are being made therefore to 
produce Al alloys which are stable at higher temperatures. Some success 
was achieved by the production of SAP (sintered aluminium powder) by Innann^ 
in 1949# in which a dispersion of alumina is produced from the oxide layer 
on the surface of Al powder particles* Since AlgOj is stable to veay high . 
temperatures, SAP has muoh improved high temperature stability^ *-*; but 
because of the limitations imposed by the powder process, the dispersion 
cannot be made fine enough to give room temperature properties comparable 
with those of conventional precipitation hardened alloys* Typically in
7
S/iP^  AlgOj particles are 1Onm thick, 100m across and 200nm apart, compared 
with § platelets 2nm thick, 4Qnm in diameter and ,50nm apart in an Al-1 «7 wt
7
% Cu alloy aged to near peak hardness •
!
The yield strengths of dispersion hardened alloys depend on mary variables 
including the strength of the matrix, the sise, shape and strength of the 
particles, the interparticle spacing, the elastic strains in the matrix and
Q j I
the degree of deformation of the alloy . One of the most important 
parameters is the intefparticle spacing, and in general the yield strength 
increases with decreasing interparticle spacing* The order of magnitude
8
of the yield stress can be calculated using the expression given by Orowan :
t ^  Gb/6, where t is the critical shear stress, G is the shear modulus,
b is the dislocation Burger* s vector and £ the interparticle spacing. Thus,
1 *5 —2for a strong material , with % 10 G, the interparticle spacing must be
^ 100by that is £ ^  3Onm.
To produce more intimate mixtures than can be accomplished by powder
metallurgy, a process is needed whereby a material can be separated into
individual atoms or molecules and reconstituted when thoroughly mixed.
16 17There are several such processes including eleotrodeposition * vapour
decomposition*^, evaporation, sputtering”* ^  an^ 5piat cooling^~^.
Eleotrodeposition and vapour decomposition depend on there being a suitable
chemical process for the required materials. Sputtering uses high energy
incident ions, is therefore expensive and is only used for small hig£i cost
items• Splat cooling, in which materials are quenched from the melt, has
22produced some interesting metastable phases and has enabled the limit of
21solubility to be raised by a factor of 7# but because of the high 
diffusion rates in the liquid at the liquid-solid interface quench rates 
have to be very high to achieve really fine mixtures. Evaporation can be
applied to most elements and, because the atoms arrive at the collector or 
substrate at random, intimate mixtures can be achieved if the atoms are 
immobilised on deposition* Power requirements for evaporation can be quite 
modest: in the case of Al the specific heat times the temperature rise plus 
the latent heat of evaporation amount to about 130kJ kg~^  (2kWh lb~^  ), which 
represents a small fraction of the cost of conventional Al alloy products * 
The main cost of evaporation is the capital cost of the vacuum apparatus 
and evaporation isusually done by a batch process which can be time 
consuming* Evaporated Al films are finding increasing use, for instance in 
low cost packaging where large scale processes can offset the high capital 
costs* Large scale Al evaporation is also being used to coat steel sheet 
for the prevention of corrosion: one line at Republic Steel’s Research
07
Centre can aluminise strip 250mm wide with a coating of if^ im Al, by an 
air-vacuum-air continuous process at 400mm s"^  (80ft n&xT*' ).
Beoause of the potential advantages of evaporation in producing fine 
dispersions work was initiated at the Royal Aircraft Establishment to study 
the feasibility of producing Al-Al^O^ materials by evaporating Al in the 
presence of axygen* Having a finer structure than SAP such deposits could 
combine high strength with high temperature stability* Bickerdike et al 
have made such deposits and have found that some of these potentialities 
can be realised: hardnesses of engineering interest can be obtained and 
most of the hardness was retained after 2h at 87^°K. Trouble was 
experienced with porosity in the deposits and with working the deposits 
into useable form*
The purpose of the research which forms the substance of this thesis was to 
gain a better understanding of the physical processes occurring during the 
deposition of Al in the presence of oxygen, and during subsequent heat 
treatments • It was decided to study the effeots of the deposition
conditions such as deposition rate, oxygen pressure and substrate 
temperature, and to investigate prooesses occurring during annealing after 
deposition* These studies were made by: a* resistance measurements to 
indicate changes in structure aid to follow the kinetics of such changes;
b. microhardness measurements, again to indicate structural changes and to 
shoif that hardnesses of engineering interest were being studied; c* electron 
microscopy and optical microscopy to investigate the structures of the 
deposits* X-ray studies were to have been included also, to look at 
features inaccessible to the electron microscope such as lattice parameter 
changes, but time did not permit this to be pursued* It was found necessary 
to make a preliminary study of the evaporation of pure Al and some work was 
done on the initial oxidation of pure Al films which gave a useful insight 
into the interaction of oxygen molecules with fresh Al surfaces. Useful 
conclusions were made about the relative mobilities of atoms and molecules 
on the growing surface during deposition and four main annealing stages 
were identified and studied.
1.2 EVAPORATION AND CONDENSATION
Before proceeding to an account of this research it is pertinent to discuss 
certain features of evaporation and condensation and to give a brief review 
of relevent experimental results.
1 .2.1 THEOEEPICAh CONSIPESATIONS 
Evaporation is effected by heating a material to a sufficiently high 
temperature that its vapour pressure causes a reasonable flux of atoms or 
molecules across its surface (liquid or solid)• In most vacuum evaporation 
systems the pressure is low enough to ensure that the mean free path of 
molecules in the vapour is much larger than the dimensions of the apparatus 
(eg at 1.3 x 10-2 (lO^tonr) the mean free path is ^ 5m Atoms or
10
molecules therefore travel in straight lines, to arrive at the substrate
with energies characteristic of the evaporation source. Cabrera has
shown, using a phonon activation model, that an atom will lose sufficient
energy to the lattice to be captured if the incident energy is less than
25 times the potential energy of desorption E^. For mstals with a monatomic
vapour phase, E^ ^ 1~4 ©V corresponding to complete accommodation for a
6 0molecular beam temperature of 10 K or less. For polyatomic vapour
species there will be the added complication of activation energies for
27adsorption, but Hirth and Pound have shown that the thermal accommodation 
coefficient will • still approach unity as equilibrium is approached. The
time for an adsorbed atom to reach thermal equilibrium with the surface has
28 * 1 been calculated to be approximately /v , where v. is the Debye frequency,
o o
even for the Van der Waals* weak attractive forces. This is small compared
with the residence time of the adsorbed atom t :r
where AG^ is the Gibbs free energy for desorption.
Only in the presence of a strongly adsorbed impurity would AG^ be low 
enough to make reflection of an incident atom likely. (For to be 
comparable with ^ /v q9 AG^ < 0*02 eV). Thus we can assume that impingeing 
atoms are quickly thermally accommodated and their energy is determined by 
the surface temperature. If the impingement rate is R, then the surface 
population of adsorbed atoms will build up to an equilibrium value
y = $  exp (6&aAt) (1.2)
We must next consider the interaction of these adsorbed atoms to form 
nuclei for condensation.
In a three dimensional vapour, clusters of molecules form because of •
statistical fluctuations. The surface and volume contributions to the
29
Gibbs free energy of formation of a spherical cluster may be represented 
by '
AGq = ■■.2|35r^ar + ^ cr2 AG^, (1 *3)
where r is the cluster radius, o' is the interfacial free energy and
i&v =  f  (1*4)
A&v is the Gibbs free energy difference per unit volume of condensed phase
between the vapour of pressure p and bulk condensed phase of equilibrium
vapour pressure p , and G is the molecular volume. For a supersaturated
vapour pA < p and AG- is negative. There is thus a critical value of r,
r , above which the cluster is stable and mil grow by the addition of c
further molecules. This critical value is derived by maximising (1.3) 
with respect to r to give
r 0 = -2<r/4&y. (1.5)
Using the critical values for r and AG and the bombardment rate from theo
kinetic theory of gases one can derive an expression for the nucleation
29\rate for the case of homogeneous nucleation, (see Holloman and Turnbull ) •
30Hirth and Pound have extended this to the case of heterogeneous nucleation
on a solid surface; that is for adsorbed atoms migrating on the surface to
form clusters and eventually nuclei of condensed phase. In this case the
clusters are not spherical but are assumed to be spherical caps (volumes
bounded by a spherical surface and a plane surface) with a characteristic
contact angle dependent on the relative interfacial energies. Having
established the cluster shape, and using the values for the population
30and surface diffusion of adatoms, Hirth and Pound derived a nucleation rate
- 12 -
*
where AG^ is the Gibbs free energy for surface diffusion and AG^ is the
critical value of the Gibbs free energy of cluster formation. C contains
the critical radius, the angle of contact and terms from the kinetic theory
of gases which need not concern us here. This spherical cap model has
proved to be satisfactory for experimental conditions when the critical
31nucleus is large, containing more than 100 atoms • But for large values
of supersaturation, obtaining when metals are deposited on substrates
below (where Tm is the melting point of the metal), the critical
31 33 31nucleus can be very small * : Rhodin calculates, £^ *om equations 1.4
and 1*5, that for a typical sot of metal vapour conditions
r "(2) (-0.5Jm~2)(10~25 rn^ol"1)
0 (io"1 9j°k“1)(300°k) in (i.o' yio"10)
^ 0.5nm.
It has been found that preferred nucleation can occur on single impurity
atoms, on vacancy clusters and on monatomic steps on the surface (Bassett^
35 36\Bethge and Robins and Rhodin ). The critical nuclei and the preferred
nucleation sites are likely to be of similar dimensions, so the above
observations support Rhodin* s conclusion that the critical nuclei contain
only small numbers of atoms.
Clearly with critical nuclei of this size, volumes and surface areas have
37little meaning and a new approach is needed. Rhodin and Walton and
■ 38 ■
Walton have extended nucleation theoiy into the range of very small 
nuclei by considering the clusters as very simple macromolecules.
Assuming the vibrational partition functions to be unity, the number of
clusters per unit area, ni, containing i atoms in equilibrium with n^  
adatoms per unit area is given by Walton?^*^ as
where nQ is the number of adsorption sites per unit area and E^ is the 
energy required to dissociate the cluster into i single adatoms* Each site 
is visited by adatoms v/ n0 times per unit time, where v. the jump frequency 
is given by
v » exp '♦ (1 *8)
The critical nucleus is that cluster which has a greater probability of 
being joined by another adatom, to become a stable cluster, than it has 
of losing atoms from the cluster* The nucleation rate, I, for stable 
Clusters containing (i-tf) atoms is the density of critical nuclei 
containing i atoms times the rate at which adatoms join them: that is
1 = V  nlv/no
= a ($/»0n0)i exp [{(i-rt)fi(JA - fljjj + Ei]/kS’]. (1.9)
This expression for the nucleation rate is similar to that of Hirth and 
Pound, equation (1 *6)* However the nucleation rate far the capillarity 
model is expressed in terms of macroscopic parameters such as cr, G-^  and 
contact angle, whereas the nucleation rate for the atomistic model is 
expressed in terms of parameters which can be determined by a best fit of 
the experimental data*
exp (E,/kT) , (1.7)
1*2*2 EXPEEIMEMAL INVESTIGATIONS 
Walton, Rhodin and Rollins^ studied the deposition of silver on high 
purity rocksalt cleaved in UHV: using the atomistic model described in 
1*2*1, they concluded that below 513°K the critical nucleus was a single 
adatom and above 51S°K the critical nucleus contained three atoms* They 
derived values for E^ of 2*1 eV, of 0*4 eV and of 0*2 eV, (They 
expressed the energies as Q and not A& because of the absence of a small 
but uncertain entropy of activation.) The trahsitioh temperature in the 
nucleation rate coincided with the epitaxial temperature of 523 °K, below 
which there was little preferred orientation| but above 523°K the films 
were well oriented with (100) Ag//(100) NaCl and [110] Ag//(llO]NaCl. 
Walton et al^ also related the (tOO) epitaxy to the fact that the smallest 
stable cluster contained four atoms and was probably arranged in the form 
of a square. Similarly if the smallest stable cluster contained three 
atoms they would expect (ill) epitaxy to result. Halpern^ reached 
similar conclusions from work on the growth of An on NaCl, finding that 
the growth was affected by the nature of the small clusters of atoms formed 
initially* He considered the proportion of different orientations in the 
clusters and showed that the effect of changes in supersaturation on this 
proportion could be explained by several distinct mechanisms* Lewis and 
Campbell^, in a theoretical and experimental study of nucleation and 
initial growth of thin film deposits, showed that the capture of single 
atoms is related to catchment areas associated with stable and critical 
nuclei, and that the smallest stable cluster was normally a pair of atoms.
Beavitt, Turnell and Campbell used a velocity filter to select incident 
energies of Au atoms in the range 0*1~0*6eV but found no difference in the 
nucleation behaviour, supporting the conclusions expressed earlier that 
incident atoms quickly reach thermal equilibrium with the surface*
15 -
Beferenoe to equation (1 ©9) shows that the nuoleation rate should increase 
with increasing deposition rate: this was indeed observed^ for the 
deposition of Ag on (100) NaCl cleaved in LEftT. Behmdt discussed in some 
detail the effect of deposition rate on the nuoleation of condensed phases 
and summarised the results of several workers who found that raising the 
growth rate resulted in polycrystalline or amorphous deposits where at 
lower rates single crystal deposits had been obtained© By performing such 
experiments at different temperatures thin film phase diagrams can he 
constructed*
Much work has been done to determine the effect of the substrate on the
structure of deposited films* Wasserman and Sander^ deposited lOOnm Fe
films simultaneously on Au and NaCl at 80°K and found that the higher
binding energy on the Au resulted in a lower mobility than on NaCl.
IS
Dorey obtained similar results for 3 «5um Ni films deposited simultaneously
, on AL and NaCl at room temperature, but at 573°K the Ni atoms were more
mobile on Al than on NaCl, implying a higher frequency term associated with
the higher activation energy in equation (1 *8)). Various metals have
been deposited on non-metallic substrates, a few of which are: Au, Ag, Cu,
Ni, Pd and Pt on NaCl^j Fe on NaCl^; Au, Pd and Ni on mioa^; Ag on mica*1"'
Au and Ag on MoS,^ 0 and Al on NaCl and KBr"^. In all these cases the films
grew by first forming nuclei which grew into islands and eventually formed
continuous films. This form of growth is characteristic of systems in
which the binding energy between condensing atoms and the substrate is
less than the binding energy between adsorbed atoms of the condensing
phase. If there is a chemical interaction between adsorbate and substrate
52the growth can follow a different course* Hutchinson and Olsen have 
studied the vapour deposition of epitaxial Nb films on MgO and found that 
a layer first formed by chemical interaction* This was either an oxygen- 
stabilised layer of fee Nb or, at higher temperatures, a layer of NbO the
thickness of which was controlled by oxygen diffusion in the layer.
Because the Nb layer formed without the nucleation-coalescence stage 
there was a low defect density in the deposit, of the same order as in 
the substrate. Hutchinson and Olsen suggest that such interaction 
layers could be present in other systems. Indeed Sumner‘S  found that a 
jnm film of Pt in the fora of islands 20~30nm apart; stayed intact when 
floated off its NaCl substrate, and it was concluded that a thin under­
layer was present, which could have a marked effect on nucleation and 
growth.
It is often found that thin films have different structures from those
observed in the bulk material. In experiments on the growth of Ti on
NaCl Wawner and Lawless^ found that on (001) and (111) NaCl Ti formed
a fee structure that changed to cph at thicknesses above about 35nm: on
(110) NaCl foe and cph Ti coexisted at all thicknesses. The substrate
in this case obviously had a marked effect on the deposit structure.
55
Denbigh and Marcus found fee phases in thin films of Ta and Mo: the
normal bcc phase was first detected at 2tnm din Mo and at 8nm in Ta. Fee
Ta was found on substrate of C, MgO and SiO and it appears that it is a
characteristic of the Ta rather than an effect imposed by the substrate.
In thin films there is a large surface/volume ratio and the energy of the
system can sometimes be lowered by having a structure of higher energy
per unit volume which is more than offset by a surface configuration of
lower energy, such as the dose packed plane (ill) of the fee structure.
When there is a strong binding energy between adsorbed atoms and the
substrate, deposits form as continuous layers of atoms rather than the
three-dimensional island structures found in most of the systems already
mentioned. This has been observed by different techniques in many systems
where metal atoms have been deposited on metal substrates: Ni on Cu (111)—^ 
57
Al on Ta (110) , Cu on W (110)^ and Ag on Ge (110)^ studied by low
energy electron diffraction (LEED); Ni on Gu (10 0 ) Cu on Ni (100)^
61
and Cu, Ni and Co on Ag (ill) byhighenergyelectrondiffraction 
(HEED); Cu on W^, Au on and Pe on Ir^ by field emission microscopy; 
Ni on Al6 ,^ Fe on Cu6^ , Co on Cu66, Cr on Ni67 and Co on Ni-Pd alloys^8
“by transmission electron microscopy; Ag onAl^, Ni on Nb78 and Al on
71 59 60steel by a variety of optical techniques* In mary of these cases *
9 . it was found that the condensed layer assumed the structure of
the metal substrate (pseudomorphism) up to a critical thickness, after
which the normal bulk structure was observed* The thickness of this
pseudomorphic layer was'greater the less the misfit between the lattices
of the substrate and condensate, the strain across the interface being
72
accommodated partly by elastic strain and partly by misfit dislocations *
ft
Grunbaura, Kremer and Raymond found no sign of pseudomorphism with a 
HEED investigation of Cu, Ni and Co on Ag (i 11) even in the thinnest 
deposits* They used UHV and suggested that contamination might play a 
critical part. in ordinary HV deposits • Indeed oxygen had a marked effect
■ Rfi ■
on the epitaxy of Cu on W (ii 0) and the behaviour of Ni on Cu (1<X>) was
very different from that of Cu on Ni (100)^ and the explanation given was
in terms of interference from oxide layers. On metal substrates at
elevated temperatures it was found^** ^9”71 the diffusion of one
metal into the other had a significant effect on the structure of the
deposit and for Ni on Nb7^ different layers of intermetallic compounds
NbNi, NbNiT were found depending on the diffusivity* 
j
One of the most important parameters determining the structures of 
deposits is the substrate temperature* In the nucleation-coalescence 
mode of growth the mobility of adatoms and hence the scale of the island 
structure is affected by substrate temperature. As the temperature is 
reduced the nucleation rate increases, the islands are smaller and a
18 -
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smaller grain size results when the film becomes continuous* Bosnell 
found, with Ni deposited on a liquid helium cooled substrate, that when 
warmed to room temperature the Ni was non-ferromagnetic because of super- 
paramagnetism in the very small grains* In some cases the mobiliiy can be 
reduced sufficiently to result in amorphous deposits^* In an effort to
measure the temperature of the growing film rather than that of the
■ ■ 75 ■substrate, Belous and Wayman'^ Used an evaporated thin film Au-Ni
thermocouple on the substrate and deposited Au and Ag on this* They found
that, because of the exothermic heat of condensation and radiation from
the evaporation source, the thin film temperature could be 2*00 to 500 deg K
greater than the substrate temperature* At high temperatures ~ § Tm the
initial condensation behaviour can be explained by a vapour-liquid-solid 
32
process . Most workers, however, assume that the temperatures of the 
film and substrate are equal and observations of behaviour and structure on 
the whole support this assumption.
As well as effects imposed by the substrate, the structure can be modified
76
by the mode of growth of the deposit. Pashley and Stowell have observed 
the growth of metal deposits on MoS^ in situ in an electron microscope.
In such observations, changes in structure have been observed when the
islands coalesced: small changes in orientation can be corrected by
50 77
rotation of the grains^ and grain boundaries can migrate . There are
50
also liquid-like effects on coalescence • These effects reduce the
density of defects, but above a certain island size agglomeration will
-
not eliminate defects , and it has been found that early coalescence of
small islands can promote epitaxy^• Because of the differences in the
79—8l 82orientation of islands, twins and dislocations are trapped in thin
films. As deposits get thicker, if there is sufficient surface mobility
there may be preferred growth of some grains with favourable orientations
- 19-
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and in this way the .grain size increases , growth textures appear and
Ot .
defects like twins andstackingfaults are eliminated ; though dislocation
Q i
densities appear to remain high * In much thicker deposits (20^0^) iise 
first part to be deposited is necessarily kept at the deposition temperature
gr Qg
for a long time (^1h) and recoveiy and recrystallisation can occur * •
87
Kosevich and Palatnik have reviewed the effects of growth in thick
deposits and the appearance of textures caused by nucleation, coalescence,
crystallisation, growth and recrystallisation. The modes of growth of
vapour deposits cause them to have properties which differ from normal 
88 •
bulk properties .. When deposited at temperatures less than about Th/4,
-2 89 90large internal stresses, as large as 10 G-, can be present * • These
stresses, which result from annealing of disordered material behind the
advancing surface, are usually tensile stresses but under special conditions
9*1
for special materials can be compressive • Because there are higher defect
■ ■ 92 . 89
densities and smaller grain sises at smaller thicknesses the strength
85 92 93
and hardness of vacuum condensates increaseswith decreasing thickness 9 9
9L
with a corresponding decrease in ductility . These properties can be 
modified by heat treatment and made more like those of the bulk material 
by annealing out defects, but in thin films there are still significant
95
differences which could be caused by surface effects such as oxide layers •
We have so far considered atoms of a single element condensing on a solid 
surface. When atoms of more than one species are condensing then many more 
processes can occur. As well as the relative sticking probabilities and 
mobilities, determined by the energies of desorption and diffusion and the . 
surface temperature, the interactions between the different species of 
adatoms on the surface are important in determining the structure of the 
deposit. Because atoms arrive at random at the substrate, intimate 
mixtures on an atomic scale can be produced if mobilities are kept 
sufficiently low. Alloy deposits are produced by having two or more
evaporating sources and carefully controlling the relative evaporation
96 97rates to produce the desired compositions * • This can bedonewith a
98 99
single electron beam made to oscillate between two crucibles 9 •
Alternatively, the alloy can be evaporated directly either by heating an
alloy source , which requires careful consideration of the relative
100 10lvapour pressures of the constituents, or by flash evaporation 9 
which partly overcomes this problem by evaporating small amounts at a 
time.
102Suzuki and Wilts in experiments with deposited Ni-Fe alloys found that
the range of solid solution could be considerably extended and measurements
of lattice parameters showed considerable deviation from Vegard1 s Law*
Oron and Adams^ ^  found that Cu-20 wt %  W by codeposition had a (111)
texture and that the W was dispersed as fine particles and also entered
the lattice forming such defects as screw dislocations: a similar
concentration of Mo in Cu produced no preferred orientation* Mader,
Nowick and Widmer^ ^ V  using electrical resistivity and electron microscopy,
studied Gu-Ag and Co-Au alloys deposited on to substrates at 77°K. They
found that pure metals and dilute alloys were ciystalline but that
35-63% Ag in Cu and 25-65%> Au in Co resulted in amorphous deposits*
These amorphous deposits transformed, on heating, in two stages* The first
occurred over a narrow temperature range and was from the amorphous phase
to a single phase, crystalline solid solution, metastable state (- 370°K
for Cu-Ag and for Co-Au)* The second stage was over a broader
' 105temperature range to the two phase equilibrium state* Mader and Nowick 
followed the kinetics of these transformations and concluded that the first 
stage was a nucleation and growth process and the second was a spinodal 
decomposition process#
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Even more marked changes can be produced by incorporating non-metals into
J Q/f
evaporated deposits* Lood has produced Cr-SiO cermet films with high
107eleotrical resistivities. Schlesinger and Marton deposited Ni-P films 
and found that freshly deposited films had liquid like structures with 
non-metallic properties: heat treatment produced a closer packing followed 
by crystallization at ^ 590°K which resulted in a metallic behaviour*
This kind of codeposition process can be used to produce thin films of
108 100 109 n o
semiconducting materials such as CdS , InSb , GaAs and AlSb ♦
If one of the elements to be incorporated is a gas at normal temperatures,
codeposition can be effected by depositing the other species in a suitable
111partial pressure of the gas; for example, Ni in A or and Ta in 0^ to
112produce cermet films of high resistivity (1k - 1M per square).
Incorporated gases can have marked effects on the properties of deposited
113metal or alloy films* Muir and Inman have shown that metal deposits
made in vacua with high residual pressures have smaller grain sizes than
those made in hi^i vacua# Preece and Wilman have made a detailed
study of the effects of oxygen incorporated into tin deposits. They have
shown that oxygen reduces the surface mobility of tin and, by causing
facets on certain planes during the growth process, orientation textures
117can be produced. Similar work: has been done with silver deposited in
partial pressures of air, nitrogen and oxygen.
Because surface properties are so important in determining the structures 
of evaporated deposits, contamination can have marked effects. Reduced 
sticking probabilities have been observed for Pb on water vapour contaminated
j j O  4 A o  A P Q
SiO , and for Cd on Ng contaminated W • Schwarz made a detailed 
study of the sticking probability of Ag on SiO and found that it varied 
from 0.03 at 1.3 x 10 ^  Nm ^ (1 x 10 ^ torr) to 0.95 at 6 .6 x 10~^ Nm ^
- 22
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(5 x10 torr) residual gas pressure. Henning , on the other hand, found 
that the -sticking probability for Au on KC1 increased.from 0«67 for clean
i if jt oo
KC1 to 1 for air contaminated KC1# . iiatthews and Melmsd have found that
adsorbed gases lead to increased nucleation rates, caused by the reduced
123mobility of adsorbed atoms. Similarly Stowell and Law ^working with Au 
deposited on HoS^* found that surface diffusion was enhanced in UHV compared 
with ordinary high vacuum# Oxygen contamination has also been shown to
affect facetting^ ^  and to prevent the escape of vacancies to metal
' 125surfaces •
This brief review has emphasized the important parameters that affect the 
structures of evaporated deposits# Some of the interesting effects of 
codeposition have been mentioned and in view of these effects, the importance#®? 
of contaminants has been stressed# Contamination can originate from the 
evaporation source or from the environment. In aty fundamental investigation 
of evaporated deposits a clean environment is essential to reduce contamina­
tion to a minimum#
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’ CHAPTER 2
EXPEBIMENm DETAILS
2*1 PHELIIOTARY STUDY OP ALUJOTniH EVAPOHATION SOURCES
Many reports have been made on the evaporation of aluminium using many
different evaporation sources (w^*85, BN^2^ 28, AIN^2^ 5^,
BN-TiBp25,i^2“1^, il-0J55), different deposition conditions85,93,113,136,137
51 82 Si*.and giving deposits with widely differing structures and properties * 9 9
95,138-143^ Because of this it was felt that preliminary experiments should 
be done to establish which methods could best be employed to give deposits 
with reproducible properties and as free from contamination as possible# The 
deposits required were: ‘thin* ''.films (— 20Gnm thick) for resistivity 
measurements and electron microscopy; and 1 thick* deposits (^ 20^m thick) for 
microhardness measurements - these also were to be thinned and examined by 
transmission electron microscopy#
—4 —2 —6Aluminium has a vapour pressure lower than 1 #3 x 10 -Nm (10 torr) at 
its melting point of 933°K# To achieve a satisfactory deposition rate (up 
to 20-30nm s ) a vapour pressure of ^ 1 *3 Nm (10 torr) was needed at 
the evaporation source: for this the Al had to be heated to ^ 1270°K. 
Aluminium, at this temperature, reacts readily with most materials# 
Consequently the deposited films could be contaminated by the crucible 
material, and the crucible mi^ btt not last long enough for the desired deposit 
thickness* Several materials were tried to determine their durability and 
the extent of the contamination (viz Alrfiy BN, C glass, Ta)#
The experiments were performed in a conventional vacuum apparatus, consisting 
of a glass bell jar with a stainless steel base plate and liquid nitrogen 
trap, and pumped by an oil diffusion pump and rotary backing pump# This 
apparatus had a base pressure of ^ 4  x ICT2** Nm"*2 (3 x 10~ ^ torr), and this
: mmtZ ' ^  ■
rose to ^ 1 ©3 x 10 Km (i 0 torr) during evaporation with a deposition 
rate of ^  20nm s . The aluminium was deposited on a copper substrate that 
could be cooled or heated as required*
The Alo0_, source was a recrystallised Alo0_. cylindrical crucible, l6mm z $ c $
high, 12®5nua outside diameter and with a wall thickness of 1 .5mm; containing 
1 gm of super-pure Al (99*995;®) • Because it was sensitive to thermal shock 
this crucible was heated by radiation from a concentric Ta cylinder heated 
electrically to approximately 1800°K. The A1 flowed up the inner walls of 
the crucible and evaporated from the hotter upper parts of the crucible.
This source lasted for many deposits of ^  50^ thickness but the deposits 
were very hard: typical microhardnesses are shown in Pig 2.1, both as 
deposited and after ageing at 723°K. It can be seen that the deposit made 
on a substrate at 293°K showed some hardening, which was retained for at 
least 63h at 723°K, whereas the deposit made at 473°K exhibited no hardening. 
It was concluded that the films contained a dispersion of AlgQj particles, 
most probably from Al^O vapour produced at the evaporation source^*^^
A boron nitride source was tried. It was machined from a solid bar to form
a cylindrical crucible with dimensions similar to those of the Al^O^
crucible, and heated in the same way. It too could be used many times, but
again the films were significantly harder than pure Al (see Pig 2.1). There
was some reaction between the Al and the BN as evidenced by a grey
127cxystalline scale, which could have been AlB^ , formed round the top of
the walls of the crucible • The deposits most probably contained AIN formed .
1 h.9by the reaction of the deposited Al with Ng released from the crucible .
A cylindrical carbon glass crucible from Vitreous Carbons Ltd, 13mm high, 
l6mm outside diameter and with a wall thickness of 1#5mm wa3 also used to
25
.-2give AX deposits. These deposits had micro hardnesses of 1470 M m  
(150 kg mm -) at 293°K and 39O MNm ^  (40 kg mnT^) at 543°K, which dropped
«®p w O  tmO wmO
to 980 M m  (100 kg mm ) and 290 MNm (30 kg mm ) respectively after
1Qh at 72}°K, again showing evidence of contamination, (it has since been
established that the boats were polished by the manufacturers using a
process that resulted in considerable hydrocarbon contamination: it has 
■ '150
been shown that much of this can be removed by careful outgassing 
procedures before use.)
The Ta source was a boat made out of a strip of 0.2mm thick Ta, 65mm long 
and 2Omni wide, with the edges turned up to give a depth of 5mm. It was 
heated directly by electric current. The Ta was attacked by the Al and 
deposits could be made only 15~20pm thick. These deposits had micro
mmO mmO
hardnesses of 390*490 M m  (4O-5O kg mm )♦ The Vickers hardness of
mmO A fyt
annealed pure Al sheet is in the range 15O-25O M m  (15-25 kg mm ) .
it 152
Buckle has shown that microhardness values cannot be compared directly
with macrohardness and he quotes values of microhardness for Al in the 
„2 »2
range 157*756 Mia (16-77 kg mm ) with the most representative values
—2 —2between 196 and 235 M m  (20 and 24 kg mm ). Thus the films obtained
from the Ta source were still somewhat harder than bulk pure Al. This is 
most probably caused by the small grain size of the deposited films (— 1pm).
it A 52
Buckle shows that grain boundary hardening is significant for grains
with diameters less than 10pm and he states that hardnesses can be 3 to 4
times those of single ciystals. The small grain size is caused partly by
contamination. It is shown in Chapter 6 that the same source used in UHV
results in films with micro hardnesses about 20^ lower than those discussed
here: there is thus some contamination from the vacuum environment. There
153is also contamination from the course: Barna et al have shown that the 
evaporation source can be a real source of contamination at the substrate
in UHV even when no-pressure rise can be detected by an IG'. elsewhere in
Cl ■ ■ “2the system. Since the vapour pressure of Ta at 2 3 0 0 2:1 .3 x 10
o ■ ©
(10 torr), and at 1300 it it would be very much lower, the contamination 
is unlikely to be Ta, The contamination from the evaporation source is 
more likely to be the result of outgassing impurities from the Ta and Al,
As a result of these experiments it was decided to U3e Ta boats throughout 
subsequent evaporations; a, less contamination was caused than by other 
sources; b. because it was heated directly, the Ta source was at a lower 
temperature than-the heater in the other cases, reducing the heat flux to 
the substrate and to the quartz crystal used for evaporation rate 
measurements; o. being in direct contact with the Al, the Ta boat gave 
more immediate control over the evaporation rate; d. use of thicker Ta 
should allow thicker deposits to be. made for Mcrohardness measurements.
2.2 APPARATUS AND EXPERIMENTAL TECHNIQUES
2.2.1 ULTRA-HIGB VACUUM APPARATUS 
Except for those deposits described in section 2.1 all the deposits were
made in an oil-free, varian VT-102, ultra-high vacuum apparatus with a
«9 «2 / "11 \ 
base pressure of 4 x 10 Nm (3 x 10 torr). The stainless steel
chamber, shown in Fig 2.2, was pumped initially by liquid nitrogen cooled
sorption pumps and the UHV was achieved using a 250 Yaclon pump and
a titanium sublimation pump. The stainless steel bell"jar was sealed to
the lower part of the chamber by a Wheeler flange using a copper wire
gasket. The lower part of the chamber, which contained the Vaclon pump
and the titanium sublimation pump, was fitted with a number of electrical
feed-throughs, a magnetically coupled rotary motion feed-through, a feed"
through for cooling fluids, one for oxygen, and one to take the IG-: all
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of these had Conflat seals with copper gaskets (only the IG and the oxygen 
feed-through are shown in Fig 2.2),
The UHV was achieved after a I2h bake-out period in which external heaters 
maintained the walls of the vacuum chamber at 520%.
As a result of the investigation of 2.1 the evaporation source was a Ta 
strip JOmn long, 12mm wide at the ends and tapered to 10mm wide at the 
middle. For thin films (200nm) 0.2mm thick Ta was used and for thick 
films (20jim) 0«5mm thick Ta was used# The strips were shaped to form a 
shallow boat of U cross section and Ta shields were spot welded above the 
ends of the boats leaving ordy the middle 20mm of boat exposed, in order 
to lessen the heat flux to the substrate# These boats were used for one 
evaporation only, as it was found from resistance measurements of Al-0 
deposits that more than one evaporation resulted in contamination,
j Cl
presumably from oxygen absorbed by the Ta , Super pure Al (99*995%) was 
used throughout - the Al was melted and outgassed at a temperature between 
1100°K and 1200°K for 0#5h during the bake-out period, and again for 1h 
immediately before the evaporation#
A simple Mo shutter was made, and was operated by means of the rotary 
motion feed-through.
Oxygen was introduced through a variable leak valve (Granville-Phillips 
Company, Series 9100 variable leak). The oxygen was nominally 99*96% and 
was fed from the cylinder to the valve through 50 i^m of copper tubing which 
was purged with oxygen for 1h before the evaporation. The oxygen was 
released inside the vacuum system through a simple Ta diffuser near the 
Al source#
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The ionization gauge used to measure the pressure in the system was a 
nude Bayard-Alpert gauge. Its situation projecting from a feed-through 
port below the support base prevented its being coated during evaporation. 
Although the IG- was not near the substrate, every effort was made to 
ensure that there were no low conductivity constrictions between them.
The oxygen was admitted through a diffuser so that Oxygen bombardment 
rates could be calculated from pressure measurements®
The substrate support is shown in Fig 2.3* It was a cylinder made of OFHC 
Cu for good thermal conductivity and uniform temperature. It was supported 
by two lengths of austenitio hypodermic tubing: this provided a poorly 
conducting path to prevent heat transfer and also was used to pass cooling 
fluid through the cylinder. The lower surface of the cylinder was 
machined flat after brazing so that the substrates could be attached by
a thin layer of silver paint (Johnson, Matthey and Co Ltd, silver
\ 155preparation grade FSP 51}* Seitehik and Stein have shown that this
method of attaching substrates gives a bond with small temperature
differences across it, little temperature variation over the surface of
the substrate, and is compatible with UHV. The Cu cylinder was cooled by
passing a cooling fluid (liquid nitrogen, water or air) through it: it
could be cooled to 77% in 2-3 min. It was heated by radiation from a
1mm Ta wire heater and could be heated to any temperature up to 870% in
5 min. The substrates used were: a. soft glass cover slips, 19mm in
diameter and 0.2mm thick, washed in methyl alcohol, distilled water and
2dried with analar acetone; b. rocksalt 0.5-1 .Omm thick and 40mm in area, 
cleaved in laboratory air immediately before evacuating the apparatus; and
c. super-pure Al discs 19mm in diameter and 0«7mm thick, whose deposition 
surface had been polished mechanically, the final polish being with 0.25pm
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diamond paste - the surface was then washed in the same way as the glass 
slides* The substrate and its support were outgassed at 573°K for 0*5h 
during the bake-out period and for 1h immediately before evaporation#
The temperature of the Cu cylinder was measured by means of a Ni-Cr/fai-Al 
thermocouple spot welded to a small piece of Cu sheet 0#1 mm thick which 
was stuck to the cylinder with silver compound# This thermocouple was 
compared with a similar thermocouple attached in a similar way to the 
front face of a glass substrate, over the temperature range 77%  to 870%: 
the two readings agreed to within 1 deg K from 77°K to 370°K and there was 
a 5 deg K difference between 670°K and 870°K# This comparison was also 
made during a deposition, to determine the effects of the latent heat of 
Al and of heat flux on the deposition surface: it was found that at 77°K, 
20 nms Al caused an increase of 15-20 deg K and 0*2 nms caused an 
increase of 2 deg K#
The thickness of the deposit and rate of deposition was monitored during
evaporation by means of a 6 MHz AT cut quartz crystal whose mounting had
been modified for use in UHV# The AT cut crystal vibrating in thickness
156-158shear mode gives the smallest temperature sensitivity . The mass
-2 -1 rsensitivity was 120pg m Hz for a 6# 4mm diameter hole: assuming a 
100/a of theoretical density for the Al deposit the smallest scale division 
of 10 Hz corresponded to 0#425nm Al. For the thin films 200nm) the
crystal was placed next to the substrate and the thickness was checked 
afterwards by interference microscopy: this verified the crystal reading 
to £ 10^. For the thick deposits the crystal was moved further from the 
source 200mm): the crystal was used to keep the evaporation rate 
constant and the thickness was measured afterwards by sectioning the 
deposit and using a calibrated optical microscope#
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2#2«2 ELECTRICAL IffiSISTTVTTT 
The resistivity of films, 200nm thick, deposited on glass substrates was 
measured by a four terminal method. The substrate was masked with thin 
mica masks, stuck to the substrate with silver paint, to give a 11 cl over­
leaf” shaped film with electrical contacts as shown in Pigs 2#5 a^d 2*6. 
The 2pm thick film of Al was deposited first and out to a greater 
distance from the contact than the Ag paint, so that the electrical path 
would not include a small cross section of high resistance Al-Ag alloy-
formed by diffusion when heat treated at elevated temperature#
159Van der Pauw has shown that for an arbitrarily shaped, singly 
connected, flat sample of uniform thickness d, with four point contacts 
A, B, C and D (always in that order) arywhere on the edge of the sample, 
the resistivity p is given by
p E ^ ( ^ c (2.1)
, . v< -  .
AB,CD current passed from A to B
r CD voltage across CD
where “ “'r * T 1 7 7  • V2*2/
Rgc ^  is defined similarly, and F is a function which is near unity when
RAB CD a3t2^  ^ BC DA are sme order# The clover-leaf shape of film
has been shown to reduce errors caused by the effects of contact resistance 
159and contact sise . The circuit used to measure the currents and voltages 
is shown in Fig 2 #2m A current of ^  50mA was obtained from a 2V 
accumulator and determined by measuring the voltage across a 10 standard 
resistance# The voltage generated in the film and measured potentiometxically 
to ± O.OlmV was in the range 0#5mV to 6QmV depending on the film and 
temperature#
This method of measuring resistance was preferred to other methods because 
the geometiy was not so critical, the only dimension to be measured was
film thickness and it was the most convenient method for use with the 
relatively small area afforded by the substrate holder#
2#2#3 ELECTRON IflCROSCOFY 
Thin films, 200m thick, for examination in the electron microscope were 
deposited, under the same conditions as those used for electrical 
resistivity, on smaller pieces of glass and NaCl so that they could be 
deposited on each simultaneously# After various heat treatments (exactly 
similar to those for resistance specimens), the samples were removed for 
examination in an EM6& (AEI Ltd) electron microscope operated at lOOkV.
The films were stripped off glass substrates with Sellotape and then 
washed thoroughly in a continuous stream of clean chloroform from a 
burette to remove the adhesive# The films grown on NaCl were floated 
off on distilled water and collected on 200 mesh Cu grids which had been 
wetted in ethyl alcohol#
The thick deposits were prepared for transmission electron microscopy by 
a disc method# A 3mm diameter disc was sawn from the combined deposit 
and substratev It was polished from the substrate side by means of an 
electro-jet method, shown in Fig 2#7, using an electrolyte of 20^ 
perchloric acid, QOfo ethyl alcohol at room temperature# The jet was 
approximately 1mm in diameter, the flow rate was 100ml min and the 
electric current was adjusted to 0®QkA by adjusting the length of the 
jet which was about 10mm long# In this way the substrate was polished 
away from a small area approximately 0*3mm in diameter leaving the 
deposit unsupported over this area# The final polishing was done in the 
same electrolyte, at 27Q°K, as shown in Fig 2#8, with a polishing current 
of 0#5A# The specimen was observed by means of a projection microscope 
and, as soon as a hole appeared in the deposit, the specimen was withdrawn
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and immediately washed in pure ethyl alcohol* The regions around the 
hole provided good areas for transmission electron microscopy®
2*2*4 MICRQHARDNESS,: '
The micro hardness of each of the thick deposits was measured using a
' . >
Reichert microscope equipped with a Vickers diamond microhardness te ster.
Meyer plots of log (load) against log (indent diagonal) were made for
each specimen, each plot consisting of about 8 points. These points lay
on straight lines, in the range of indent sizes studied, with slopes
(logarithmic index, n) varying from 1*25 to 1 *95: the softer specimens
giving the larger slopes* For the hardness to he independent of the
indent size n should be 2*0, but this is usually only found with large
indent sizes, above about 300pm, as used in macrohardness determinations.
it 152For microhardness measurements Buckle states that n is usually less 
than 2, although it can in some circumstances be greater than 2: the 
value of n depends on the detailed microstructure of the material, and 
even with a single specimen n is found to vary if a wide enough range of 
indent sizes is used. Because of the variation of microhardness with 
indent size, the microhardnesses were standardized to indent sizes of 
iC^m and 20pm.
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CHAPTER 3
*
i
'  i  ;
DEPOSITION OP PURE ALUMINIUM THIN FILMS 
3*1 INTRODUCTION
Before studying the effect of oxygen on the deposition of aluminium* the 
structures of evaporated depositscf pure aluminium were investigated to 
determine the effects of the deposition conditions such as substrate 
temperature, background pressure and deposition rate, and the relative
importance of a. nucleation and growth before the grains met and b. grain ,
!
boundary movement after the films jhad become continuous. In particular
large grains were desired so that, when other elements were added,
processes occurring within the grains could be distinguished from those
occurring in the grain boundaries«» The usual method of producing large 
I i
grains in evaporated deposits is by epitaxial growth on a single crystal
113substrate. Using this technique, Murr and Inman have shown that for 
continuous metal films grown on NaCl substrates the important controlling
i
parameters are the background pressure in the apparatus and the substrate 
temperature,
mmA
Al films, 160nm thick, were deposited at 10nra s on to NaCl substrates, 
cleaved in air t.o give [001 j surfaces, in both the oil pumped apparatus
•mX mmO W C ,^"7
at — 1 ^ 10. Nm (10 torr) and the UHV apparatus at 1«3 x 10 Nm
(10 ^ torr).
3*2 RESULTS
3.2*1 GRAIN SIZE OF DEPOSITED FILMS 
For the measurement of grain size, a part of the film was chosen which was 
free of obvious faults in the field of view at lOQQx in the electron 
microscope. The magnification was then inoreased to 10, OOCbc and a
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micrograph taken. In this way it was hoped that the small area to be 
examined was a truly random selection. By counting the number of grains 
in the area of the electron micrograph it Y/as possible to calculate the 
average grain area. The average grain diameter was calculated, assuming 
the grains to be circular. This was repeated using another part of the
film to'check-.the'values obtained. j
- 1
a. Effect of substrate temperature
Films were deposited on NaCl at various substrate temperatures, from room
temperature,to 723°K® Electron micrographs and diffraction patterns of
some of the films are shown in Figs 3*1 and 3.2. In Fig 3«3 the grain
size has been plotted against substrate temperature: there was a .sharp
o - o
increase in grain size, up to about 1 ©1|j.m, between 473 K and 623 K*
Murr and Inman1 ^  found a similar increase (up to 1.3pm) at 2 .6 x 10 ^
(2 x 10^ torr) but it occurred between 573°IC fmd 723°X. Murr and 
Inman used a heated copper block to heat their NaCl substrates: it has 
been found here that, unless some conducting agent like Ag paint is used, 
the temperature of the front surface of the NaCl can be 100 deg K lower 
at 600°K than that of the copper. This might explain the difference 
between our results and those of Murr and Inman who do not state how 
their substrate temperature was measured. No evidence was found here of 
the decrease in grain size at higher temperatures that Murr and Inman 
observed. Above 620°X a slow increase in grain size was observed and 
above 670°K the films were no longer continuous.
In Appendix 1, a theoiy for the formation of nuclei, proposed by Walton, 
RhodLn and Rollins^ has been extended to include the growth of nuclei 
to form continuous films. Expressions have been derived for the number 
of grains per unit area, Nft, in two temperature ranges.
At low temperatures, (range 1), where it is assumed that a pair of atoms
* ' -
has a greater probability of being joined by a third atom than of
dissociating into two separate adsorbed atoms, we get:
±
Na = (48 H2/%&2 v 2)6 exp (2QA/3k5) , (3.1)
i
where R is the inpingemsnt rate, d is the diameter of one atom, vQ is 
the frequency of vibration of an Al atom on NaCl, is the binding 
energy of an Al atom to the NaCl surface, k is Boltzmann1 s constant and 
T is the surface temperature.
At higher temperatures (range 2), where it is assumed that the smallest 
stable cluster contains three atoms,- the grain density is given by
= (48 a2 Uk/%Vok) exp ((4QA + 2E2)/3kT), (3.2)
where is the binding energy between a pair of adsorbed atoms. The 
transition from range 1 to range 2 occurs at a temperature T^ , given by
= (Qa + Ep/klnCv/d^).. (3.3)
In Jig 3*4 the experimental values of N have been plotted as log N& s*
against 1/T. Two straight lines can be drawn through the experimental 
points, with a reasonable fit except for those points corresponding to. 
films deposited above 670°K (l/T < 1*5 x 10 )^: reasons are given
in section 3*3 for believing that the theory does not apply to these films. 
The two straight lines intersect at approximately 480°K.
Fitting equation (3*1) to the straight line at the lower temperature range
20 — ? 2 —19 2of Fig 3*4# and using R = 3 x 10 m s and d =10 m , gives
Qa = 0.13 - 0.02 eV per atom and vq = (9 + 4) x 10^ s"^  • Similarly,
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fitting equation (3*2) to the other linear part of Fig 3*4 and using the 
*
above value of Q^ , we get Eg = 0*7 ±. 0*2 eV per atom pair and vq in the
.w10 -1 , , n12 -Irange 10 s to 10 s * ;
An independent value of Eg can be obtained by using equs/fcion (3*3)# -with
i
T. = 480 K and the values of Q. and v derived from eouation (3 o1): this t A % o *
gives Eg = 0*85 ± 0*13 eV, which agrees well with the value derived from 
equation (3*2).
As a further confirmation that the theoretical model proposed in Appendix 1 
is reasonable, some of the times involved were estimated: 
the residence time of an adatom
i  •  .
1 TTr = 0/vo) exp (qaAt) ; (3*4)
the time to deposit a monolayer (if the surface were covered uniformly)
\  = 1/ M 2 j . ' (3 .5)
the time required for the film to become continuous
a* in range 1 ■ t = [3/ (4k d^)}3 , (3 *6)
be in range 2 = p/(4rc n ** cl*^  exp (EgAl1)) j3 , (3*7)
where n^  is the number density of adsorbed atoms and is equal to R^, and
v = exp (-Qp/kT) is the frequency of surface jumps, where is the
/ rgf 33 160activation energy for diffusion* If we estimate ^ Q^ /.3 9 use
90 —2 —1 2  —1 9 2  1 1 —1
E = 3 x 10 m s , d = 10 m , Eg = 0*8 eV, vq = 9 x 10 s , and
use the temperatures in the middle of the observed ranges, we get the
following values of * , , and t *w r m c
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; range 1 range 2
t 6 x 10 s 2 x 10 sr
^  0.03 s 0o03 s
t 0*12 s 13 sc
In each range % «  v , v > t and t < total deposition time* all of whichi u r m e m e *
are necessaiy conditions for the proposed theory* 
b* Effect of background pressure
Fig 3*3 shows that the aluminium films deposited in the two vacuum systems
had equal grain sizes when deposited at the same substrate temperature.
113Murr and Inman found, for Al deposited on NaCl, a significant dependence
of grain size on background pressure* In Fig 3*5 their results have been
plotted with results obtained here as grain size against background pressure
for two substrate temperatures. It is concluded that impurities introduced
by the residual gases in the apparatus affect nucleation rates only at
***3 «»2 *5
pressures greater, than about 1 *3 x 10  ^Nm (1.0 torr); that is, when the 
impingement rate of residual gas atoms is more than about 1Q?£ of the 
deposition rate of metal atoms.
c* Effect of evaporation rate
Films were deposited on NaCl at 6 5 3 at evaporation rates of 0.2na s*^  . 
to 23nm s • The effect on grain size was small, as shown in Fig 3*°*
In Appendix 1 it is shown that the proposed theory predicts nucleation
2
rates to be very sensitive to impingement rate, R: nucleation rate « R
in range 1 and cc R^ in range 2. Since the rate of growth of nuclei also
increases with R, the final grain size is much less sensitive to it: grain 
1 jz
diameter cc R 3 in range 1 and «  p  3 in range 2. However, the experimental
temperature 653°K is rather high for the proposed theory and a more
- 43 -
comprehensive study of the effect of evaporation rate should include 
0
experiments at various substrate temperatures*
3*2,2 GRAIN GROWTH AFTER DEPOSITION 
The grain size of films deposited on hot substrates could be determined, 
in part, by grain boundary migration after deposition* To study this
: i'
effect, several films were deposited at room temperature and then heated 
to different temperatures for 5 minutes, to determine if any grain growth 
occurred* The results are shown in Fig 3*3 (curve (b))* Grain growth 
occurs only above 570°K and even then does not have much effect on the 
grain size of the films deposited on hot substrates*
i
Two dimensional grain growth has been analysed in terms of grain boundary 
energies in Appendix 2* The radius, r, of a grain changes from r^ to r^ 
at a temperature T in a time i, given by
where T/N is the grain boundary energy per atom, 4> is a constant of order
unity and depends on the relative sizes of the growing grain and the
surrounding grains and Dm is a diffusion coefficient of the form D^exp
(-O/kT), where Q is the activation energy for boundary migration* From 
161 —2Inman and Tipler Y = 0*34J m * Using the grain growth results of
Fig 3 *3, has been calculated and is plotted in Fig 3®7* From the slope
- 3 2  —1 ' ■of Fig 3«7j. Q = 1«8eV and from the intercept DQ = 2*5 x 10 m s . For
162lattice self diffusion, Lundy and Murdock found Q = 1 ©48eV and DQ =
1 *7 x 1(T4 s"1, over a temperature range 730°K to 920°K, Our results
were over a lower temperature range, 620°K to 690°K. If both sets of 
results are extrapolated to. 710°K (l/T = 1 ) then = 2 2  10**^ m^
•• 2f2f. »
K 2 «*i
and the la ttic e  d iffusion  coeffic ien t D = 7 x 1 0  s . Thus the# _
process of boundary migration observed here was a slower, more energetic 
process than la ttic e  s e lf diffusion: one would expect i t  to  be s im ilar 
to grain boundary d iffusion (d iffusion  along a grain boundary) which 
usually has a lower activation energy than la ttic e  diffusion* Eecrystal­
i i  sat ion studies in  bulk A l, however, have also shown unexpectedly large
activation energies, in  the range 2.2 to  3*CeVy and th is  has been
163attribu ted  to inclusions in  the grain boundaries * I t  is  known th at
im purities can segregate to grain boundaries in  A l, because of th e ir
% i ^ liT *1 ^ 5effec t on e le c tric a l re s is tiv ity  . Therefore i t  is  probable th at
the values found here fo r Q and are explicable in  terms of grain
boundary im purities* The differences between our results and those of
recrys ta llisa tio n  in  bulk Al re fle c t the differences in  specimens: in
the th in  film s, the proximity of the surfaces and presence of the substrate
would a ffec t the resu lts , and being formed by evaporation the im purity
species would be d iffe re n t from those found in  bulk Al*
3*2.3 DEPOSITION OF ALUMINIUM ON AlimNIUM 
Surface temperature has a marked e ffec t on the nucleation and in i t ia l  
growth of A l film s, (section 3.2.1 )*  The importance of surface 
temperature a fte r the film  had become continuous (th at is  when A l atoms' 
were landing on an A l surface) was studied in  two experiments, a . $6nm 
of aluminium was deposited at a substrate temperature o f 6l8°K. The film  
and substrate were allowed to cool and a fu rther 90nm of aluminium was 
deposited a t 328°K. I t  was found that th is  two layer film  (see Fig 3*8a) 
had the same grain size as a l6Qnm film  deposited a t 6l8°K. b . JOnm of 
aluminium was deposited at room temperature. The substrate was then 
heated to 6l 8°K and a fu rther 90nm was deposited. The average grain size 
was found to be sim ilar to that of a 16Qnm film  deposited a t room
-  is -
temperature and then heated to 6l8°K, (Fig 3®8b), although in  the two 
*
layer film  a much greater range of grain size was observed than in  the 
comparable grain growth experiment: th is  is  most probably caused by 
p re feren tia l growth of some of the grains during the deposition of the 
second layer*
From these two experiments i t  is  concluded th at aluminium atoms deposited
on an aluminium surface adopt the ciystallographic orientation o f th is
surface a t temperatures between 328°K and 6l8°K* This is  not unexpected
45because in  s im ilar experiments in  which 3«5nm of Ni were deposited on
160nm A l film s grown on NaCl at 603°K, i t  was found that N i could be
grown e p ita x ia lly  on A l, although there is  a 15/*> difference in  la ttic e
66parameters. Jesser and Matthews have shown th at a metal film  can adopt
a structure of a substrate that i t  does not sho?f in  the bulk: fo r example
2nm of Co (normally hep) on a Cu substrate can be grown as a pseudomorphic
layer w ith a fee structure* These experiments must be done in  UHV because
139Ferraglio and d1 Antonio have shown with Al on A l, that i f  the surface 
of the f i r s t  layer becomes contaminated before the second layer is  
deposited new grains are nucleated and the second layer is  not e p ita x ia l*
3*2.1*. EPITAXY OF DEPOSITED FILMS 
I t  was found th at the d iffra c tio n  patterns obtained from the aluminium 
film s were sim ilar fo r film s prepared in  the two vacuum systems* At low 
substrate temperatures the patterns consisted mainly of Debye rings but 
the [111] and [002} rings were absent indicating a fibrous orien tation  
texture• The three inner rings shown in  Fig 3*1 nre [220J, [224.} and 
[440} showing that close packed [m l planes formed p a ra lle l to the 
substrate surface; but there was no preferred direction in  th is  plane*
As the temperature was increased, the rings became spottier ind icating  
larger grains but there was no apparent epitaxy below 423°K*
- 4 6 -
Above 523°K d iffra c tio n  patterns showed a marked epitaxy with [001}
jr -
N a C l// [111} A l and <110> NaCl //<1?0> A l, and at 623°K almost perfect 
{111.}. patterns were obtained* Above 623°K there was some deterioration  in  
the epitaxy of the film s*
i ■ . ■
165Ino, Watanabe and Ogawa studied the e ffec t of substrate temperature on 
the orientation of metals deposited on air-cleaved rocksalt and, fo r  
aluminium they found:
a* in  high-vacuum the d iffra c tio n  pattern consisted of Debye rings 
together with strong [111} and weak [001 j spot patterns fo r deposition 
: temperatures in  the range 273°& to 673°K with no obvious e p ita x ia l 
temperature (that is , the minimum temperature a t which epitaxy 
occurs);
b. in  u ltra-h igh  vacuum the e p ita x ia l temperature fo r the [111} 
orientation was 573°K and below th is temperature the d iffra c tio n  
pattern was s im ilar to that of a*
They found also that when the substrate was cleaved in  vacuo, the ep ita x ia l 
temperature was lowered to 373°K fo r both high and u ltra -h igh  vacua*
I t  appears therefore that the results obtained here, which show an 
ep itax ia l temperature between 423°K and 523°K, l ie  between the resu lts  fo r  
air-cleaved and vacuum-cleaved rocksalt, obtained by Ino, Watanabe and 
Ogawa* ^ *  This is  consistent w ith the results of Matthews and Gruribaum* ^  
who showed that a bake-out in  vacuo, before deposition, removes some of 
the contaminants on air-cleaved rocksalt*
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3*3 DISCUSSION 
#
I t  has been found that contamination from residual gas atoms during 
deposition play l i t t l e  part in  determining the structure of aluminium 
deposits mien the impingement ra te  of such atoms is  less than about 10fo 
of the deposition rate of aluminium atoms.
■ij - .
v
Grain boundary movement on continuous film s appears not to contribute
' 168 sig n ifican tly  to  the fin a l structure of the film s . Pashley , and
77Stowell and Law , showed th at grain boundary movement and grain ro ta tion
sometimes occur when nuclei f ir s t coalesce. They observed th is  in  small
angular nuclei about 50nra across: th is  e ffe c t would be much less
78sig n ifican t in  irre g u la rly  shaped grains greater than 0.1 (im .
I t  seems therefore that the observed structure is  determined so lely by 
the effects o f the substrate surface on the in i t ia l  nucleation and growth 
of the aluminium grains. The agreement between the observed results and 
the theoiy of nucleation and growth proposed in  Appendix 1 supports th is  
conclusion.
On th is basis, below l$3°K there are su ffic ien t atoms on the surface to  
make an atom p a ir stable fo r the time needed fo r a th ird  atom to jo in  i t .  
As the temperature increased, the residence time of adsorbed atoms 
decreased, which reduced the number density of adsorbed atoms: hence the 
density of nuclei decreased giving an increase in  grain s ize . Using th is  
model i t  was deduced that the binding energy fo r a single aluminium atom 
on the NaCl surface was = 0.13 i  0.02 eV. In  th e ir  work on the 
nucleation of s ilv e r on NaCl, Walton, Rhodin and R o llin s ^  obtained
Qa — 0 .4  eV per Ag atom<
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Between 2*j83°K and- 623°K atom pairs were unstable and grain size was more
* ' -
temperature dependent® From the varia tion  in  grain density with  
temperature, was calculated the binding energy of an atom p a ir = 0.7 ± 
0.2 eV and from the tran s itio n  temperature of 480°K, = 0.85 t 0.15 eV:
the agreement was w ith in  experimental e rro r. From the pre-exponential
/ \ AA ^terms' in  the two temperature ranges the values of were (9 i  4) x  10 s 
10 —1 12 —1and 10 s to 10 s : again agreement was w ith in  experimental e rro r.
The d iffra c tio n  patterns indicate that the Al film s changed from a {111} 
fibrous orientation texture below 423°K, to an ep itax ia l structure with 
[OOl} NaCl / /  {111} A l and <110 > NaCl / /  < 110 > Al above 523°K. The 
appearance of {111} epitaxy a t about the temperature of tran s itio n  in  
the nucleation rate suggests that the smallest stable cluster was a 
triangu lar arrangement of three atoms, in  agreement with the nucleation 
model. Walton, Rhodin and R o llin s ^ , who observed {001} epitaxy w ith  
s ilv e r film s ,•concluded th at the smallest stable cluster above 523°K 
contained four atoms arranged in  a square: th is  conclusion gave good 
agreement between observed nucleation rates and th e ir nucleation theory.
Below 4j83°K the time taken to cover the rocksalt was approximately 
0.12 sec, about 4 times the estimated monolayer tim e. Between 4^3°K and- 
623°K the time taken to cover the rocksalt was approximately 13s: th is  
was becoming comparable with the to ta l time of the deposition, 16s. The
s mmtA 0 \residence time of A l atoms on the NaCl surface was short (^1.0 s) 
compared with the monolayer time 0 .03s). The residence time of Al 
atoms condensing on the A l already deposited, because of the veiy much 
greater binding energy, should be e ffec tive ly  in d e fin ite . Thus nuclei 
already formed should have grown in  thickness at the rate  measured by 
the quartz crystal ratem eter. With th is  assumption a simple calcu lation  
indicates that the fin a l mean thickness was less than that measured, by
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a value equal to the deposition rate times about two thirds of the time 
*
taken to cover the rocksalt surface. This effect is important at high 
temperatures and explains why films formed on substrates above 673°K were 
not continuous at estimated thicknesses of 160nm.
JA
At temperatures above 623°K the grain size was not very sensitive to
substrate temperature and there was some deterioration in the epitaxy of
the films® I t  is  possible that preferred nucleation sites already
i 69existed on the NaCl surface a t a spacing ^ 1«2jim: th is  would explain
]' •
why grain size was not very dependent on temperature above 623°K. From
! • .
values of vapour pressure of NaCl at high temperatures (1070°K to 1270°K) 
we estimate that at 673 K the vapour pressure is about 1 ®3 x 10 Nm 
(10 ^ tori') o There is then the possibility of thermal etching which may 
explain the deterioration in epitaxy; in addition* nucleation at sites 
such as etch pits would invalidate the model of nucleation on a smooth
{001} surface a t these high temperatures®
!
3.2*. SUMMARY
This investigation has shown that the most important conditions affecting 
the structure of deposited A1 films are the nature of the surface on 
which the atoms are arriving and the energy of the adsorbed atoms on this 
surface (ie the surface temperature)® Contamination from the environment 
is not significant if the residual gas atoms constitute less than 1C^ of 
the impingeing atoms. Changes in structure after the film is formed are 
negligible below 573°K but above this temperature some grain growth does 
occur®
There is good agreement between grain sizes and epitaxial properties of 
these A1 deposits and the atomistic theory of nucleation proposed by
- 50 -
Walton* Ehodin and Rollins^.' At substrate temperatures below 473°K the
# • - '
film s showed a [111] fibrous orientation texture and the grain size  
increased from 0«13pm at room temperature to 0*27|ini a t 473°K® The increase 
in  grain size a t higher temperatures was caused by a shorter residence 
time ’ of A1 atoms leading to a lower number density of adsorbed atoms
I
durihg nucleation®
Between 473 °K and 623°K the films showed [ill] epitaxy, and the grain 
size was more sensitive to temperature, rising to 1 e2|j.m at 623°K* This 
increased temperature dependence was caused by the dissociation of 
adsorbed pairs of atoms, the smallest stable cluster now containing three 
atoms® ■
By depositing two layer film s, i t  was shown that a large grain size can 
be maintained at low deposition temperatures i f  s u ffic ien t A l, fo r  the 
film  to be continuous, is  f ir s t  deposited a t a higher temperature®
-51 -
(a) 1 jirn X10,000
Fid 3*1 A1 films, 160 nm thick, deposited in UHV at 5 n*n s
on to air-cleaved NaCl at (a) 311°K (b) 421°K (c) 53$°K
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♦(a) 1 jim X10,000
i____i
XI0,000
(c) X10,000
-i
FiG- 3.2 A1 films, 160 nm thick, deposited in UHV at 5 nm s
on to air-cleaved NaCl at (a) 623°K (b) 634 K (c) 693 K
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(b) X16 ,000
-1
FIG- 3*8 A1 double layers deposited in UHV at 5 nm s
(a) 90 nm at 618°K followed by 90 nm at 328°K
(b) 90 nm at 308°K follov/ed by 90 nm at 618°K
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CHAPTER 4
OXIDATION OF PURE ALUMINIUM THIN FILMS 
.4.1 INTRODUCTION
• • «*
When oxygen molecules impinge on a clean aluminium surface at room
temperature, most of them leave the surface again and. return to the gaseous
phase. The small proportion that remain on the surface, known as the
, 170sticking prob ab ility , has been detenraned by Jona , in  a LEED study, to
m°"z *°2 171be 10 J to 10 , and by Huber and K irk to vary from 0.09, on a fresh
-2surface, to ^ 1 0  when the surface was covered by a monolayer of oxygen
172 oatoms. Bedair, Hofmann and Smith found by LEED that between 573 K and
773°K the sticking probability was 0.2 fo r a monolayer of oxygen. This is
considerably higher than a t room temperature, indicating that oxidation of
fresh aluminium surfaces proceeds faste r at higher temperatures. Huber
171
and K irk  followed the room temperature oxidation of Al film s, » I0nm 
th ick , by measuring a. the work function of the surface b . the e le c tric a l 
resistance of the th in  film s and c. the mass of oxygen adsorbed, by means 
of a quartz cxystal microbalance. On plots o f these quantities against 
time they found sudden changes in  slope, indicating a reduction in  
oxidation ra te , at s im ilar times in  a l l  three cases. This time corresponded, 
on a f la t  surface, to a mass adsorption of approximately three atom layers 
of oxygen, and they interpreted th is as a monolayer adsorption on a surface- 
with a roughness factor of 3* From these results the mean sticking  
probab ility  fo r the f ir s t  monolayer of oxidation was calculated to be 0.025®
When considering codeposited aluminium-oxygen film s, the oxygen sticking  
prob ab ility  and the surface roughness are important parameters because, fo r  
a given deposition rate and oxygen pressure, they determine the oxygen 
content.of the deposits. These two quantities were investigated here, by
- 57 -
quartz c iys ta l mass measurements, over a temperature range sim ilar to  that 
*
used fo r codeposition studies o f A l-O .
4*2 MEASUREMENT OF MASS OF OXYGEN ADSORBED
The crystal monitor used here fo rA l thickness measurements had a se n s itiv ity
of I20pg m”  ^ Hz”\  fo r a 6.4mm diameter deposition area, (compared with
**2 a 71 \50jig a Hz claimed hy Huber and K irk ) .  This meant that a monolayer
of oxygen corresponded to 2.5  Hz or 0.25 of a division on the most
sensitive scale: w ith a routiness facto r o f 3 and measuring to 0«1 d ivision ,
the accuracy of measuring a monolayer was ± 1 kfo* Another major source of
i
erro r, when working as near the lim it of s e n s itiv ity  as th is , was the e ffe c t 
of temperature on frequency. From the mass of the quartz c iy s ta l, its  
specific heat and the enthalpy of oxidation of A l, the temperature ris e  
corresponding to the adsorption of a monolayer of oxygen ?/as calculated to  
be 0©45 deg K. From the measured! temperature se n s itiv ity  of the crystal 
th is  corresponded to a frequency s h ift of ^ 1 Hz, which again was of 
the s h ift fo r the mass of a monolayer o f oxygen.
For these experiments the can containing the c iys ta l was stuck w ith s ilv e r  
paint to the copper substrate holder, and a N i-C r/N i-A l thermo-couple was 
attached to the c iy s ta l i t s e lf .  The substrate holder was brought to  the 
desired temperature and kept at that temperature fo r 15 min to allow the 
c iysta l temperature to s ta b ilize . 30um of Al was then evaporated on to  
the c iy s ta l. A fte r a few minutes, in  Y/hich the frequency of the c iy s ta l 
was cai'efully noted, oxygen was introduced to give the desired pressure, 
and the frequency was followed during the subsequent oxidation o f the Al 
film .
• .  53 —
Fig 4*1 'shows a typ ica l room temperature response curve fo r the A l coated 
# '
crystal when oxygen was admitted to the apparatus* There was a rapid
increase in  frequency -followed by a much slower increase (in  th is  p articu lar
case, the slower stage was accelerated by increasing the oxygen pressure
a fte r 10 rain) . To obtain the monolayer tim e, lin es  corresponding' to the
rapid ris e  and the slower rise  were extrapolated to find  the point at
- 4
which they intersected# The surface roughness was calculated by d iv id in g
the change in  frequency up to th is  point of intersection by 2*5 Hz.
4*3 RESULTS
Fig 4*2 shows the change in  frequency, and hence the surface roughness, 
fo r film s deposited a t various temperatures between 113°K and 373°K. At
t
room temperature the roughness factor was approximately 3 in  agreement
171 173With Huber and K irk and also with Lanyon and Trapnell who quote a
value o f 2«9 fo r the roughness facto r fo r the adsorption of 0  ^ 021 Ale
At 113°K the film  was very porous, having a surface roughness fac to r of
20 to 40* which is  sim ilar to the value 20) found by Endow and 
1Pasternak fo r Mo film s* To v e rify  that i t  was the surface roughness 
that determined the frequency change and not the temperature of oxidation, 
one film  was deposited at room temperature and cooled to 111 °K before 
oxidation. The size of frequency s h ift was typ ica l of room temperature 
film s, but the time fo r the s h ift was typ ica l of film s a t 113°K. The •
decrease in  surface roughness with increasing temperature indicates that 
surface d iffusion  was s u ffic ie n tly  rapid at the higher temperatures to  
produoe smoother surfaces and denser deposits. At lower temperatures 
less re-arrangement was possible and more defects such as vacancies and 
voids were produced, resu lting in  increased porosity*
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The e ffec t of oxygen pressure on oxygen adsorption rats was determined
* -
by measuring the exposure needed fo r a monolayer a t d iffe re n t oxygen
pressures® The results are shown in  Fig 4*3 fo r four d iffe re n t 
temperatures® I t  can be seen that the exposure needed fo r monolayer
coverage is  s lig h tly  pressure dependent® I f  the oxidation rate fo r the
I
f ir s t  monolayer cc p , then the slope of the lines in  Fig 4*3 is  (1 ~x) *
I t  was found that x varied from 0*92 a t 2t9°K to 0*84 a t 473°K w ith a
mean value of 0®87* Thus the adsorption does not show true f ir s t  order
kinetics: there is  most probably a slower process, such as the incorpora-
175 176tio n  of the chemisorbed atoms in to  the surface ’ , th at causes the
177observed pressure effect® Gundiy and Tomkins found a s im ilar e ffec t 
fo r the chemisorption of H2 and GO on N i a t 77°& and $0°K: fo r on 
N i x = 0*51 and fo r CO on N i x = 0*65®
The e ffec t of temperature on the oxidation rate is  shown in  Fig 4*4*
171As can be seen, these results agree w ell w ith those of Huber and K irk  ,
and also the higher temperature oxidation of Al as observed by Bedair,
172Hofmann and Smith using LEED techniques* This curve has been rep lo tted  
in  Fig 4*5 as the mean sticking probab ility  fo r a monolayer s(0 = 1) 
against 1/T® Also plotted is  the value of S fo r h a lf a monolayer
171( 0 = 0*5)* (The point given fo r S = 0 is  that given by Huber and K irk
who extrapolated th e ir  results of Sv0 back to 0 = 0 .) For temperatures
above 173°K, log (S/SQ) = -l/2 *3 k T  indicating that the adsorption of
oxygen on aluminium is  a therm ally activated process, w ith activa tion
energy E. For 8 = 1, E = 0*074 ©V per atom and fo r 0 = 0*5* E = 0*045 eV
per atom: the activation energy increases as the surface becomes covered*
The increase in  activation energy with surface coverage explains why the
sticking probability decreases w ith surface coverage* Rossington and 
178Lent point out that i f  a diatomic molecule is  immobile when adsorbed i t
** 60 *
needs two adjacent sites*. They found* by filling sites at random on a 
*
10*000 s ite  matrix* that by a surface coverage of 0«9* 90?o of the 
remaining sites were single sites surrounded by four f i l le d  sites® This 
too would resu lt in  a decrease in  sticking probability®
- ;
kck DISCUSSION I
' '*<•
Oxygen molecules impinge on the aluminium surface® Before they can be
chemisorbed they have to be split into separate oxygen atoms (mechanisms
179\for this are discussed by Hayward and Trapnell Consider the energies
involved in  such a process: a simple picture of potentia l energy against
distance from the surface is shown in Fig Oxygen molecules are first
physically adsorbed and in order to be chemisorbed as atoms they have to
surmount an energy barrier*. I f  the depth of the energy w ell fo r physical
adsorption is  E * then the sticking probab ility  
P
e -(E + Ep) /KT
S = ' - S > T  . ~(E + E )/M*e P  + e  p
Re-arranging (4«1) gives
( 1 /S - 1 )  = exp (l/k T ) , (4«2)
or log (l/S  -  1) = ^/2«3kT . (4«3)
At i /T  = 0, ( l / s . -  1 ) =1  or S = 0*5* meaning th at a physically adsorbed 
molecule has as much chance o f desorbing as i t  has of being chemisorbed®
If S « 1 *  (4*3 ) can be rew ritten
log S = -l/2®3kT , (4*4)
which is  sim ilar to what was found experimentally, except that the in te r ­
cept was SQ = 0*55 instead of 1« This is  most probably experimental erro r
— 6l —
rather than the error derived from not p lo ttin g  log [S /(1 **s) J® The 
*
agreement achieved indicates th at|the  simple model proposed in  Fig 4*6 
explains the results down to 173°K*
At lower temperatures there is  a deviation from a s tra ig h t' line: in
j
Figs 4«4 and 4*5 in  a d irection such th at the sticking probab ility  was
\
greater than expected. This could have been caused by the physisorption 
of oxygen. In  the above analysis the value of E does not a ffe c t the
Jr
sticking probab ility  given by equation (4 *2 ); that is , i t  does not a ffec t
i . ■
the probab ility  of the oxygen becoming chemisorbed. The value of and
the temperature do, however, a ffec t the time each molecule spends in  the
physisorbed state , before e ith er desorbing or becoming chemisorbed. I f
th is  time becomes comparable w ith the time of the experiments, i t  w ill
a ffec t the experimental determination of the sticking p ro b ab ility . G-asser,
180Roberts and Stevens attributed  the shape of th e ir sticking prob ab ility
curve fo r Hg on Ni to the presence of a long lived  precursor to  chemisorp-
tio h . Endow and Pasternak*"^ found, fo r the oxidation at 77°K of Mo film s
with a roughness facto r of ^ 20, that there was a veiy mobile physisorbed
surface species that could quickly get through the pores to the clean
metal surface. The state of the surface is  also very important when
i8fconsidering sticking pro b ab ilities: L i nice and Meyer , and Huber and 
182K irk have found that the in it ia l  chemisorption of oxygen on aluminium 
proceeds at a faster rate in  the presence of water vapour contamination. 
Such contamination is  more lik e ly  on cooled surfaces such as those used 
here fo r  the low temperature adsorption experiments.
For codeposited A l-0 , the oxygen molecules always impinge on clean AL 
surfaces and consequently sticking p rob ab ilities  fo r low values of 0 
should be considered. In  a study of ga3 incorporation in  th in  film s ,
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183Kay has shown that, where sticking probabilities on pre-existing 
# • - 
surfaces as a function of coverage and temperature are known, predictable
amounts of gas are actually found in the deposited films. At room
temperature, with S & 0«1 and a roughness factor of 3 approximately 1/3
of the impinging atoms should be oxygen in order to give a final oxygen
!
content of 10 at Similar figures are obtained at lower temperatures 
because the lower sticking probabilities are offset by the increased 
surface roughness (the values of surface roughness might not apply to 
codeposited films, but they give an approximate guide). A further 
complication ‘ is that oxygen molecules might be buried by Al atoms before 
they can desorb - this would be more important at lower temperatures with 
longer lived physisorbed species# .
This investigation of the initial adsorption of oxygen on aluminium has 
shown some of the processes which might occur during codeposition and its 
relevance is.discussed further in Chapter 7#
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CHAPTER 5
ALUMINXUM~OXYGEN THIN FILMS 
INTRODUCTION
The study of co-deposited aluminium-oxygen was done in two-..parts: a© thin 
films, 20Qnm thick, were investigated by electrical resistance measurements 
and electron microscopy; and b. thick films, 20tm  thick, were studied by 
means of microhardness measurements and electron microscopy* This chapter 
describes the results obtained with the thin films*
Resistance measurements have been used in many investigations of'the •
microstruetural changes in metals and alloys, particularly those associated
with point defects and impurity distributions* Formation and migration
energies of vacancies have been measured in quenched metals and alloys'* ^
187recovery processes have been followed during annealing after quenching ,
188 189 1 °0 191irradiation 9 , cold work ' and fatigue , and it has been shown that
i 92 i 93such recovery processes can be impeded by oxygen contamination 9 . The
clustering of solute atoms during precipitation from a super-saturated
1 1 9U 195solid solution can also be followed by resistivity studies 9 9 , though
196Ceresara points out that care is needed in interpreting data where two
competing processes have opposite effects on the resistivity* Resistivity
measurements on evaporated deposits have shown that the decay in resistivity
197is associated v/ith the removal of defects produced during deposition ,
and that such removal can be accomplished in several distinguishable 
198steps : again oxygen is shown to alter drastically the annealing kinetics.
-j qo
Longini and Pansino " used resistivity techniques to study the ordering 
of amorphous G-e-Mg-Sb- films and found a re-ordering diffusion process 
with a very low activation energy of 0*1 eV*
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5*2 RESISTANCE STUDIES
For the study of thin films, the thickness of 20Qnm was chosen because: 
a* this was thick enough for the film to be continuous; be. the film was
still sufficiently thin to give a measurable resistance - for pure Al
**S o ref 151with a resistivity of 2®8 x 10 Qi at 293 > this gave a sheet
resistance of 14-0 mQ per square which could be measured to ± 0o3%j
c* the fUffis could be examined by transmission electron microscopy
without any need for thinning* In addition, 200nm is considerably
200 201greater than the electron mean free path in aluminium * at the 
temperatures used and therefore there should be little thickness effect 
on measured resistivities*^* '
The preparations for deposition, such as outgassing, are described in 
Chapter 2« The evaporation rate and oxygen pressure were allowed to 
stabilize before the shutter was opened* The desired thiclcness was 
deposited, the shutter was closed and the boat and oxygen supplies were 
then immediately turned off* Details of the films deposited are given 
in Table 5«>1 •
TABLE 5e1 DETAILS OF Al-0 . THIN. FILMS
Film number
«~2
0^ pressure, Nm Substrate temperature, % Heat treatment
1 v <10~6 77 isochronal to 777%
2 2«7 x IO-4 77 ” 82$%
3 tt 97 - 138 isothermals to 837%
4 II 180 -  200 isochronal to 838°K
5 It 297 - 309 ” 820%
6 1 cl X 10**^ 77 M 809°K
7 t x  10“5 77 « 82$%
8 1 oi X 10“^ 77 ” 349%
9 1 J  x 10"4 77
cCO
4*10 t x  10 ^ 77 *» 844%
11 2 x 10 77 isothermals'to 780°K
12*
csn
< 1 0 ° 77 isochronal to 840%
13 A —S
. °. C
N
77 ” 293%
■1*.
-6<10 77 M 823%
15 2.7 X 10"^ 77 « 293%
16 II 77 « 423%
17 It 77 « 573%
18 It 77 « 673%
19 II 77 ” 823%
20 It 193 " 293%
21 It 193 » 423%
22 II 193 11 648%
23 II 193 " * 820%
24 1*3 x 10“5 193 ” * 843%
25 2.7 x 10”4 303 as deposited
26 It 303 isochronal to 823%
27 1! 573 as deposited
28 II 573 isochronal to 823%
Deposition rate 1m  Films 1H 2 deposited on glass fo r resistance measurements
Films 13^28 deposited on NaCl fo r electron microscopy* 
# Film 12 was from an A1toA1o0- source*2 j
The first film deposited (Film 1) was pure aluminium, on a substrate at
o *“877 K, The resistivity as deposited was 15*1 x 10 fim. On warming to.
-1 ~8 
room temperature at 3 deg,K min the resistivity dropped to 3*2 x 10 Qm.
o -8 iPure Al has a resistivity at 293 K of 2*8 x 10 Qm • Clusters of 100
■“8 rAvacancies have a resistivity of 0*69 x 10 Qm per at cfo • There would
have to be only 0*6 at of vacancy clusters in the deposit to explain why the
resistivity at room temperature was greater than that for pure Al*
ee»l_ ^2
Films 2*»5 were deposited in 2*7 x 10 Nm (2 x 10 torr) 0^ on to 
4* substrates between 77°K and 303°K. From the studies of sticking
probability described in Chapter Us these deposits should have contained 
10 at Afo oxygen* The resistivities, measured at 77°K as soon as 
possible after deposition, are shown in Fig 5*1* The room temperature 
deposit (film 5) showed a resistivity, as deposited, approximately twice 
that of pure Al* On substrates at lower temperatures there was a much 
greater increase in resistivity indicating a finer dispersion of oxygen 
atoms and more trapped defects* These values of resistivity have been 
replotted as log Ap v 1/T, where Ap was the resistivity at 77°K minus the 
resistivity of film 1 at 77°K after annealing. Over part of the temperature 
range this plot is linear but for a deposition temperature o'f 77°K the 
value of Ap is less than would be expected if the linear part of the line 
were extrapolated. This probably indicates that there was a limit to the ’ 
fineness of dispersion of the oxygen (viz isolated atoms or molecules)
and associated vacancies. This upper limit in resistivity is similar to
203 ,values found for liquid alloys'” in which there is thorough, mixing. In
Fig 5*3 the dependence of resistivity increase on pOg is shown. At the
lowest values of PO2 the slope is 1 indicating that the resistivity
increase was proportional to the number of oxygen atoms trapped, with a 
*•*8 ^
value of 4 x 10 Qm per at ./&). This is a little higher than the
~ 70 -
—8resistivity associated with vacancies: 1 to 2*2 x 10 Qm per at. %
1 191vacancies * . At higher values of pO^ the slope is 0*7, the decrease
probably caused by the spheres of influence of the oxygen atoms overlapping 
as their number increased*
Jig 5*4 shows resistivity isochronal annealing curves of films deposited
o “1at 77 K* The heating rate was ^ 3 degK rain ♦ Increasing the temperature
after deposition (Fig 5*4(a)) resulted in a much smaller decrease in
resistivity than was caused by increasing the temperature during deposition
(Fig 5*1)• This indicates that the structure can much more readily be
rearranged on the growing surface to eliminate defects than it can in
the volume of the deposit* Fig 5«4(b) shows the rate of decrease in
resistivity or the rate at which defects are annealed out* Fig 5*5 shows
similar curves for deposits made on substrates at 193°K and 303°Ko From
these isochronal curves it can be seen that defects are annealed out in
four separate stages* The first, which is here called stage 1, occurs
at or below 273°K# Stage 2 is centred between 320°K and 370°K* Stage 3
which seems to consist of two or more peaks is centred at about 570°K and
stage 4 at 720°K*
The curve for pure Al (Fig 5«4(b)) shows the stage 1 peak and at higher 
temperatures is virtually featureless* As the pressure of oxygen was 
increased, the stage 1 peak was moved to higher temperatures, the oxygen 
obviously slowing down the annealing process *
Stage 2 was not well defined when a large stage 1 vras present, but is 
clearly shewn in Fig 5<>5(b) when stage 1 was absent*
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Stage 3 showed the largest reduction in resistivity for the high resistivity
>
films* though as the resistivity was reduced* either by reducing the pO^ 
■(Pig.5*4) by depositing at higher temperatures (Fig 5*5)$ ■'■the stage 3 
peak diminished faster than those of the other stages® In particular, 
when stage 1 was absent (Fig 5*5) the peak of stage 3 became less than 
those of stages 2 and A* This will be discussed more fully in section 5*5*
The dotted curves in Fig 5*4 show results obtained from a film made by 
evaporating Al in UHV from a Ta boat containing equal masses of Al and 
AlgO^ chips• Stage 1 has not been shifted to higher temperatures as with 
the Al-0 films, but this film shows a marked stage 2, not much of stage 3 
and stage 4 is comparable with the other films.
During the isochronal annealing the films were occasionally cooled to 
77°K: it was found that the resistance decreased linearly with temperature 
and.the value of dp/dT was noted. When warmed up again the resistivity 
returned to its previous value and then started decreasing again as the 
isochronal annealing was resumed. The values of dp/dT obtained are shown 
in Figs 5*6 and 5*7* In the as deposited state or after annealing out 
stages 1 or 2, dp/dT varied very little from that of pure A1-. The 
temperature dependent part of the resistance had not been altered although 
the temperature independent part had been altered by over lOQx. After 
stages 3 and/or A, however, there was a more marked change in dp/dT; up 
to approximately 1 .7 times that of pure Al for films starting with the 
highest as deposited resistivity.
Films 3 and 11 were used to determine the activation energies of the 
processes occurring in the various stages. These films were heated 
isochronally at the same rate as the other films until the appropriate
?$■*
*
stage was reached* Isothermal segments w ith sudden temperature changes 
were obtained: a typ ica l series is  shown in  Fig 5 The values of 
activation energy obtained were: stage 1 , 0*34“0«38 eV per atom; stage 2, 
0*7-0«9 ©V; stage 3> 1 *4~2o0 eV; stage if, 2*3-2*6 eV* Except fo r stage 1 s 
where only two measurements were made (one on each film ), these values 
represent the spread of fiv e  to  eight measurements of activation energy*
The large spread of values in stage 3 indicates that more than one process 
was occurring in this stage*
> 5*3 ELECTRON MICROSCOPY
It was found that thin films grown on glass were not significantly 
different from those grown on rocksalt in either electron micrographs or 
electron diffraction patterns, except for pure Al films deposited above 
the epitaxial temperature for Al on NaCl (see Chapter 3)® Because the 
films grown on NaCl did not need lengthy washing procedures before electron 
microscopy, NaCl substrates were used for most of this investigation and 
the results were compared directly with resistance measurements of films 
grown on glass*
Fig 5«9 shows pure Al films deposited at 77°K and heated in UHV to room 
temperature and 823 K, at ^  3 deg.K min • The film heated to room 
temperature (Fig 5®9(a)) had less well defined grains than that deposited • 
at room temperature (Fig 3®l(a))* there was a much greater range of grain 
sizes, and the mean grain size was smaller* The diffraction pattern was 
that of a random fee structure, whereas Fig 3®1 (a) shows a {111}' fibrous 
orientation texture* On heating to 823°K (Fig 3®9(b)) the grains grew 
to approximately 1|xm in diameter and showed some [l 11} texture: the {111} 
'grains grew preferentially, presumably because of the lower surface 
energy of the £l 11J close packed planes* " J
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Figs 5®10 and 5*11 show Al-0 films deposited at 77°K and heated to 
temperatures in the range from room temperature to 823°K* The most 
apparent difference between Figs 5*10(a) and 5©9(a) is the much smaller 
grain size in the Al-0 film (<lOnia) * On heating there was not much change 
until 673°K, where there was a slightly spottier diffraction pattern: most 
change occurred between 673°K and 823°K, when there was noticeable grain 
growth (but not nearly as much as for pure Al) and the diffraction pattern 
shows Y AlgO^. These films of Figs 5*10 and 5*11 represent various stages 
along the isochronal annealing curve (marked 2»7 x 10 ^  Nm ^ 0^ ) of 
Fig 5•k* The processes occurring in stages 1, 2 and 3 are not clearly 
visible in the electron microscope* Fig 5*12 shows dark field electron 
micrographs of films 15 and 17, again emphasising the fine grained 
structure of these films* Fig 5*12(b) shows clearly defined grains 2~6nm
PQf
in diameter: Stowell and Rose > studying the superconductivity of small 
grained films, evaporated Al in oxygen and obtained grains with diameters 
3-Snm. Fig 5«13 shows dark field electron micrographs of film 19, which 
was heated to 823°K, und shows y Alg^ in its diffraction pattern* These 
dark field pictures do not show where the y AlgO^ v/as, though there is 
some evidence from Fig 5©11 (c) that it vms epitaxial with the Al and for 
this reason it would not be distinguishable from the {111} grains in 
Fig 5*13(h)© Harvey and Eastabrook^^ found, in heat treated* thick Al-0 
deposits, that the y AlgOj was epitaxial with the Ad, the two sets of .
crystal axes being parallel* Figs 5©14 5*15 show a similar series of
heat treatments on films deposited at 193°K: these correspond to points 
along the annealing curve in Fig 5*5* Grain growth was apparent at lower 
temperatures than with the 77°K films, though again, most of the growth 
occurred above 673°K* lu Figs 5'»l4'(b) and 5*15(a) voids can be seen in the 
grain boundaries: these are most probably caused by the annealing out of 
vacancies either to produce the voids directly or to cause stresses which
caused intercrystalline fracture® The heated films show a marked [111j 
texture that was not found with the 77°K Al-0 films® There was very 
little y AlgOy in Tig 6 the dark field micrograph shows some y 
in the grains and in sub grain boundaries and on dislocations® Fig 5*17 
shows a similar film but with 5x the oxygen content: Y Alo0 is much more 
in evidence and grain growth has been slowed down® Fig 3»18 shows Al-0 
films deposited at 303°K> as deposited and heated to 823°K« As deposited 
the grain size was still much smaller than a comparable pure Al film 
(Fig 3®1 (&)) the structure was random fee* On heating to 823°K, the 
structure remained random and the grain growth was slightly less 'than 
for the 193°K film® No y AlgO^ was apparent. Films deposited at 373°K, 
as deposited and heated to 823°K, are shown in Fig 5*19* Clearly these 
deposits are heavily contaminated® The diffraction patterns show that 
there are a few large Al grains and many small ones® There is a diffuse 
halo near the 220 Al ring, indicating amorphous Al^O^, and some parts of 
the film showed only this halo and no Al rings® Amorphous AlgOy films
o 206
on Al transform to y > ^2$ ^ though the transformation is a
207nucleation and growth process whose rate depends on temperature and is
20$sensitive to impurities and to the exact nature of the initial 
208alumina ® The temperature used might not have been high enough to
transform the Alo0 in the time available® The smaller particles of 2 3
Y Alr>0-~ formed in film 19 (Fig 5©1l(b) and (c)) must have transformed
Q)
more readily at this temperature: this agrees with Bickerdike*s 
findings that finely divided Alg^j deposits made between
213°K and 293°K crystallised as Y Alg^ at about 7A3°K®
3 X-RAY LINE BROADENING
Film 15* Al-0 deposited at 77°K* was examined by X-ray diffraction® Only 
two we ale reflections (ill) and (200) were obtained, against a very high
background* The lattice parameter did not differ significantly from that 
of pure Al, though the accuracy was only ±0*05$. The uncorrected half 
widths of the lines were (ill) 30% (200) 40*, representing fractional 
broadening of 1 *3$ and 1*45$ respectively, approximately twice that found 
by G-rimes et al for pure Al thin films. This line broadening could 
be explained by a grain size of approximately 20nm, which from Fig 5*10(a) 
is not unreasonable. There is undoubtedly a contribution to the line 
broadening from strains induced in the lattice by the oxygen atoms but 
as only two weak reflections could be obtained it was not possible to 
estimate this* It was intended that more work should have been done on 
X-ray studies of these thin films but time did not allow this* In 
particular it would be interesting to compare the reduction in line 
broadening with the observed grain growth in the heated Al-0 films* In
i ,
this way it might be possible to determine the contribution of strain to 
the line broadening and when this strain is removed. The fact that there 
was no shift in the lattice parameter was surprising, because Bickerdike
pi
et al observed expansions of the lattice of up to 0.°$ for thick Al-0 
deposits at room temperature and the shift was still 0*3$ after iOOh at 
573°K. The explanation of this discrepancy could lie in the difference 
in structure and this is discussed more fully later (section-7*2)./
5*5 DISCUSSION
The re s is tiv ity  results of section 5®2 and grain size measurements from 
the film s described in  section 5*3 have been combined in  Fig 5*20 
(5.20(b) is  an enlargement of part of 5 .2 0 (a )) as a p lo t of re s is tiv ity  
against the reciprocal of the mean grain diameter* I f  only the 
transverse grain boundaries contribute to the re s is tiv ity  then
p = p0 * f > (5.1)
where p is the resistivity of the grain, R is the grain boundary
resistance* and d is the mean grain diameter. For the pure Al deposit,
R was 5*3 x 10 1 ^  Qm^ and pQ was 0,4 x 10 ^ Qm at 77°K« Using values of
151 op and a quoted by. Sraithells and extrapolating to 77 K, p for pure Al
•»8
is 0,5 -x 10 Qm which agrees well with the pQ found® No value was
found in the literature for R for Al at 77 °K* For Al at 4*2°K Kasen* ^
*“16 2 165gives a value of 1,55 x 10 Qm and Andrews, West and Robeson give
mA £ ? a 909
a value of 2,45 x 10 Qm • For Cu at 77 K Rider and Foxon found
values 4 ,8 - 5*1 x lO*”^ Qm^, depending on purity. Kasen* ^  found a
1 65marked impurity effect, whereas Andrews, West and Robeson found that 
R appeared to be independent of impurity content. Using these values,
the effect of temperature on dislocation resistivities given by Rider
210 209and Foxon and also comparing dislocation resistivities for Cu and
210 0Al one can calculate that for Al at 77 K R should be in the range
j ^  p
1 ,9 - 9*2 x 10 Qm which contains the value found here. The change 
in resistivity for the pure Al film heat treated above room temperature 
is explicable therefore in terms of grain growth, a conclusion reached 
also by Mayadas, Feder and Rosenberg*1 ^  for pure Al films.
When oxygen was present in the film, much greater slopes were obtained in 
Fig 5*20 (eg 3*3 x 10 Qm ) and the plots were not linear. .The value 
of grain boundary resistance was undoubtedly higher in Al-0 films, as the 
°xygen would have contaminated the grain boundaries. For the increase to 
be wholly grain boundary resistivity, the non linearity would imply that,
with annealing, the grain boundaries vie re becoming less contaminated
161 211 212which is contrary to general experience 5 « Ashby and Palmer have
shovrn that moving boundaries can sweep up oxide particles leaving the
grains freer of particles and the boundaries therefore containing more
oxide. It is concluded that a large part of the resistivity observed was
caused by changes in pQ, the grain resistivity.
The changes in resistivity below 273^? stage 1, were most probably caused
by.-.the annealing out of vacancies, or vacancy complexes* This stage was
the only one observed in pure Al. The temperature range associated with
this stage (100250°K for; pure Al) is similar to that of stage III in
the annealing of irradiated Al (17G~300°K) which is attributed to vacancy 
21 3migration : the activation energy 0 eV is smaller than that found
21 4for stage III, 0«,46“0*59 ©V. From quench studies Stoebe and Dawson
found the activation energy for vacancy migration to be 0*46-0*72 eV for
o i 9Lquench temperatures between 498 and 923 K. Federighi gives the range •
of activation energies for vacancy migration in Al as 0.3 eV to 0.65 eV,
again with the activation energy depending on quench temperature (the
h i^ ie r the quench temperature the lower the activation energy). S toiy  
215and Hoffman observed a similar stage in Cu, associated with a reduction
216in internal stress, which they attributed to vacancy migration. Attia
has found internal friction peaks in Al at 193°K and 2i8°K associated
v/ith the interaction of vacancies with dislocations. Vacancies have a
resistivity of approximately 1.x 10 ^ Qm per at. %: film 1 therefore must
have contained approximately 15 at % of vacancies at 77°K and these
migrated to the grain boundaries on warming to room temperature. 15 at. %
is large compared with the concentrations of vacancies in the.other studies
referred to above, and one would expect many divacancies and other vacancy
complexes to exist: this would explain why the activation energy for th9
migration of these defects was lower than that attributed' to single 
1 94vacancies • This is discussed further in Chapter 7*
The presence of oxygen caused a slight increase in vacancy concentration, 
(up to ^  20 at /2) and the oxygen atoms caused the vacancies to need a 
higher temperature for migration. The reduction of vacancy mobility 
caused by oxygen has been noted in several vacanoy controlled processes.190,217-219
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Stage 2 is attributed to the movement of oxygen atoms* or oxygen atom-
O)
vacancy complexes (since oxygen atoms cause a dilation of the Al lattice , 
osygen atoms should attract vacancies)o Stage 2 was still present when 
stage 1 was absent in film 4*> deposited at 190°K: the mobility of the 
surface Al atoms during deposition was sufficient to avoid including many 
vacancies, but not enough to prevent a fine dispersion of oxygenatoms.
In films deposited at 77°K stage 2 is almost masked by stage 1: the 
number of vacancies could increase with decreasing temperature but the 
number of oxygen atoms was determined by the oxygen pressure and the 
sticking probability® Stage 2 did not affect the value of dp/dT and the 
position of the peak did not move with increasing oxygen concentration.
The oxygen atoms were most probably therefore not forming clusters but 
moving to defects such as dislocations and grain boundaries.
Stage 3 consists of several processes, as evidenced by the number of peaks
and the large range in activation energy (1 .4 to 2.0 eV per atom). This
range of activation energies contains the value for volume self diffusion
of aluminium and it would be expected that processes associated with
diffusion of the aluminium would occur: grain growth, removal and grovrth
of voids, dislocation climb. In the study of the recovery of the
220resistance of worked SAP Missiroli, Nobili and 2ignani found one
annealing stage at ~ 473°K with a range of activation energies (1 ©25-1 ©85 eV)
which they attributed to the disentanglement of screw dislocations by a
cross slip mechanism. A second annealing stage was centred at313°K with
an activation energy of 1 .37 eV which they attributed to dislocation climb.
Dislocation climb processes have been observed with activation energies of 
221 2221 ®2 eV ? » Stage 3 was found to be dependent on stage 1 • This is
consistent with its being caused by dislocation movement because the 
vacancies annealing out in stage 1 could have produced a high dislocation 
density which would produce a large stage 3 peak. The value of dp/dT
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increased after stage 3 and was not further affected by stage 4 after 
> •
which y A190^  was observed as small particles* The Al^O^ particles could 
be formed in stage 3 as amorphous particles but not crystallise as y AlpO^  
until stage 4*
Stage 4 had an activation energy of 2*3 to 2*6 eV, which is vezy similar
163to that of recrystallization in bulk Al* viz 2*2 to 3®0 eV * Electron
microscopy showed considerable grain growth and the appearance of y Al-gO^
particles* Stage 4 was still present in film 4 (fig 5©5(b)), with
4* approximately the same peak height as in 77°K deposits* even though 
*
stage 3 was reduced by over an order of magnitude* Stage 4 was reduced
in the 303°K film when stage 2 was very small: it is most probably
associated with the distribution of oxygen and could be caused by
223coarsening of the oxide particles* Dromsky* Lenel and Ansell “ found
an activation energy of 3*7 eV for the growth of /ilp0^  particles in Ni,
the rate controlling process being the dissolution of Al and 0 in the Ni* 
207Hart and Maurin suggest a mechanism of oxygen diffusion into Al to 
explain the nucleation and growth of crystalline y AlgO^ islands at the Al- 
amorphous Alp^  interface, at temperatures similar to those found here for 
stage 4© •
Since both grain growth and oxide particle coarsening occur during stage 4* 
it could be that the movement of grain boundaries assists the coarsening 
process a* by allowing grain boundary diffusion which is usually faster 
than lattice diffusion* and b* by the grain boundaries sweeping up the 
smaller particles*
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(a) Film 13 1 umi----- :------ 1
X30,000
-  87 -
(b) Film 14 X30,000
FIG- 3.9 Al films, 200 nm thick, deposited in UKV at 1 nm
on to NaCl at 77°K and heated in UHV to
(a) room temperature (b) 823°K
100 nm
L i ■ .1
X80,000
(b) Film 16 X80,000
(a) Film 13
(c) Film 17 X80,000
FIG- 3*10 Al films, 200 nm thick, deposited in 2.7 x 10 ^
Nm 0£ at 1 nm s ‘ on to NaCl at 77°K and heated in 
UHV to (a) room temperature (b) 423°K (c) 373°K
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(a) Film 18 100 nm X80,000
(b) Film 19 X80,000
(c) Film 19
FIG- 3*11 Al films, 200 nm thick, deposited in 2.7 x 1o T d n  0£ 
at 1 tua s"1 on to NaCl at 77°K and heated in UHV to
(a) 673°K (b) 823°K (c) is an enlarged quadrant of (b)
diffraction i^attern
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(a) Film 13
(b) Film 17 X80,000
FIG- 3.12 bark field electron micrographs taken with
Al (111) and (200) electrons of films 15 and 17
-  90 -
(b) Film 19 
FIG 5.13
X30,000
Dark field electron micrographs of Al film 19 
taken with (a) Al (111) and (200) electrons and
(b) Al (220) and YAlgO* (440) electrons
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(b) Film 21 X80,000
-A -2
FIG 5*14 Al films, 200 nm thick, deposited in 2.7 x 10 Nm 0o
—1 o
at 1 nm s on to NaCl at 193 K and heated in UHV to
(a) room temperature (b) 423°K
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(a) Film 22 100 nm X80,000
i___i
(b) Film 23 X80,C0Q
-A
FIG- 5*15 Al films, 200 nm thick, deposited in 2*7 x 10
Nm*“^ 0o at 1 nm on to NaCl at 193°K and heated 
in UHV to (a) 6A8°K (b) 8A3°K
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(a) Film 23 1 jim X30,000
(b) Film 23 X30,000
FIG 5.16 Al film 23
(a) bright field (b) dark field electron micrograph 
and diffraction pattern showing position of objective 
aperture
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(a) Film 24 1 00 run
i___i
X80,000
(b) Film 24 X80,000
FIG 5*17 Al film, 200 nm thick, deposited in 1.3 x 10”^
Nm Op at 1 run s ' on to NaCl at 193°K and heated
in UHV to 843°N (a) bright field (b) dark field 
and diffraction pattern
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(b) Film 26 X30,C0Q
FIG 5.18 Al films, 200 nm thick, deposited in 2.7 x 10 
NnT^Og at 1 nm s~1 on to NaCl at 303°Kj (a) as 
deposited (b) heated in UHV to 823°K
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(b) Film 28 X30,000
-4
FIG 5«19 Al films, 200 nm thick, deposited in 2.7 x 10
Nm 202 at 1 nm s on to NaCl at 573°K.,
(a) as deposited (b) heated in UHV to 323°K
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CHAPTERS
.■ALUMENIUM-0XX6EN THICK FILMS 
6*1 INTBODUCTTON
Thicker film s 20|jm) were investigated to determine what e ffec t increasing 
the thickness had on the structure, and to learn something of the mechanical 
propei-'ties of A1~0 deposits* I t  was hoped that the results could be 
compared with those of the th in  film  studies to gain fu rther insight in to  
the processes occurring during growth and subsequent heat treatment*
The mechanical property most conveniently measured is  microhardness and 
because, with a 20^m indent, the depth of indent is  2*5(jm i t  was f e l t  that 
deposits should be ct 2Q\xm th ick to minimise possible effects from the 
underlayers• Thicker film s were not possible w ith the Ta boats used*
I t  was found vdth Al on copper substrates (section 2*1) that some of the 
more highly stressed film s, peeled o ff the substrate during deposition: 
th is  was overcome by depositing a few pm of pure Al a t 573°K and then 
cooling and adding oxygen as required* This procedure was continued with  
the A l substrates*
Unlike the th in  film s, the th ick deposits had to be removed from the UHV
fo r evaluation (microhardness measurements). Exposure to laboratory a ir
could have resulted in  oxidation, especially of the more porous deposits*
Heat treatment was performed in  a vacuum furnace, w ith a liq u id  nitrogen
trap , pumped by an o il d iffusion  pump to give a base pressure of 
*“5' *“2 -72*7 x 10 Nm (2 x 10 to rr )*  I t  would be in teresting  to heat tre a t 
and measure the microhardness of these deposits without taking them from 
the UHV, and at temperatures below room temperature*
Details of the A l-0  th ick deposits are given in  table 601 . Deposits were 
in  general made at a faster rate  than the th in  film s5 so th at they could
be made in  a reasonable time® Oxygen pressures were also higher to keep
 -> ^  *“0
the / l / 0  ra tio  about the same: eg 1 m  s , 2©7 x 10 + Nm , ( 2 x 1 0  torr^O^
fo r th in  film s and 5nm s 1 ©3 x 10  ^ Nm  ^ (1 x 10  ^ to rr)02  fo r th ick
deposits*
TABLE 6.1 DETAILS OF A l-0  THICK DEPOSITS
Deposit
number
thickness
pm
Al deposition 
rate nm s*"1
Op pressure 
Nm"2
substrate 
temperature °K
Heat
treatment
29 21 8 5.3 x 10”5 183 » 233 •
30 23 7 ri 293
31 20 7 u 433
32 18 5 1 o3 X 10 J 163 - 213 isochronal to 873°K
33 19 5 1! 293 y isothermal I2h  
at 673°K
34 12 4 II 433
35 15 5 II 573 isochronal to 823°K
3^ 10 1 2*7 x 10^ 293
37 15 25 6*65 x 10 ^ n
33 ^ 15 ^ 5 2 * 7 x 10~4 it
35 15 5 4 x l0"if 1
40 ii 15 5
col,
5.3 x 10 * n
41 £5: 15/ 5 9.3 x 10"4
ii
42
/
16 4 2.7 X  10"3 it
43 15 4 4 x 1 0  ^ it
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6*2 MIGROHABDNESS STUDIES
It was found that the value of id.crohar&ness (Mh) measured v/as a function 
of indent size for all deposits® The Meyer plots of log (load) v log 
(indent diagonal) were linear up to indent diagonals of ^  3Qjjim, indicating 
a continuous change of hardness with thickness® The variation was unlikely 
therefore to have been caused by the finite thickness of the deposits® The 
results have been standardized to indent diagonals of 10pm and 20|jun.
Because of the dependence on indent size* not too much significance could 
be attached to the actual values of mierohardness obtained, but comparisons 
between results with identical indent sizes are still valid®
Pig 6®1 shows the effect of substrate temperature on the room temperature 
mierohardness for pure A1 and for A1~0 (1 *3 x 10* ^  Nm )« The pure A1 
shows an increase in mierohardness below room temperature, caused by 
defects unable to anneal out at these temperatures* The presence of oxygen 
caused considerable increase in mierohardness, though the effect of 
substrate temperature was not nearly as marked as with resistance 
measurements*
* Pig 6*2 shows the effect of deposition rate on mierohardness* for substrates 
at 293°K: the oxygen pressure was varied with the A1 deposition rate to 
keep the proportion of oxygen atoms, arriving at the substrate, constant* 
Lowering the deposition rate had slightly more effect than raising it: 
the lower value for mierohardness at the low rate was probably caused by 
the atoms having more time to rearrange themselves on the growing surface$ 
which would be equivalent to raising the substrate temperature® The lo?/er 
hardness value at the higher deposition rate might have resulted from a 
finer structure with less effective dislocation barriers. More significance 
could be attached to Pig 6*2 if more deposits could have been made, and if
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the effect of deposition rate could have been studied at different 
temperatures. However this woiild have resulted in much extra work with 
little potential gain©
The effect of oxygen pressure on (fdl, Al-0 > MH,Al) is shown in Pig 6o3*
\1 ©The increase in mierohardness was proportional to (pO^ ) up to
«3 «»2 / -5 v
approximately 1«3 x 10 Nm (10 torryOg and then it was much less . 
sensitive to pO^ , probably because of some saturation effect*
When deposits 32-35 were annealed in 0«5h 50 degJC steps in temperature, 
there were changes in mierohardness as shown in Pigs 6*4 and 6*5• Deposit 
32, the coldest deposit, showed a k-Ofo rise in mierohardness between room 
temperature and 523°K and thereafter it softened in two stages, one between 
523°K and 623°K and the other above 773°K# Deposit 33* grown at 293°K* 
showed an initial softening, followed by a slight hardening, again up to 
523°K, after which it too softened. The other two deposits showed no 
hardening, but deposit 34* grown at 433 °K* did not start softening until 
the temperature was above 523°K«
Deposits 32~34 were also aged at 673°& for up to 12h (Fig 6*6) after being 
kept for several months at room temperature, to deterMne how stable they 
were at a relatively high temperature (above the first softening stage but * 
not near the second softening stage)* Deposit 32, which had shown some 
hardening at room temperature, hardened rapidly in the first hour and then 
remained at that hardness for the rest of the time (l1h). Deposit 33* 
which had softened at room temperature, softened even more at 673°K and 
then showed some hardening which was maintained* Deposit 34 softened for 
about 1h and then its hardness remained constant© Deposits 32 and 33 
showed a higher value of MH 10p.m after 12h at 673°K than they showed at
673°K during the isochronal annealing© This was most probably because 
any hardening effect which took so ms time to develop at 673°K would have 
been masked during the isochronal anneal by the softening at above 773°K®
6*3 STRUCTURES OF DEPOSITS
The structure of these deposits was studied by optical microscopy and 
electron microscopy©
6©3®1 OPTICAL MICROSCOPY 
The surface of each deposit was examined and then the deposit and substrate 
were sectioned, polished and etched in Van Zeerleder’s etch. Figs 6©7 and 
6*8 show pure A1 deposits (29~31) made on substrates at (183°K to 233°K),
293°K and 433°K. Only in the coldest deposit ?;as there any change in 
structure seen on the cross sections, on cooling from 573°K* This deposit 
also showed cracks, which nucleated in some cases from inhomogeneities in 
the deposit. These cracks appear to have formed after deposition, when 
the deposit was being warmed to room temperature for examination. Vacancies 
in the deposit presumably annealed out on warming, creating a large tensile 
stress which caused cracking© The linear contraction parallel to the 
substrate was approximately 6fo: this represents an area contraction of 12%. 
It was not possible to determine if there was any contraction* perpendicular 
to the substrate. There may also have been some porosity not accounted for 
by the large cracks, and the substrate may have caused some resistance to 
contraction. 12/o, therefore, can be regarded as a lower limit on the 
volume fraction of vacancies trapped during deposition©
Figs 6©9 and 6©10 show the effect, on the structure of deposits made at 
293°K, of adding oxygen at various pressures during deposition (the 
hardnesses of these deposits are shown in Fig 6*3)* Deposit 39* with
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*pOg 4 x 1 0  ^ Nm 2 (3 x 10  ^torr), has a structure very little different
jp
from pure Als though the point at which oxygen was added can be seen on
■*3 *“2
the cross section (Fig 6*9(h))« Deposit 33$ with pO^ 1*3 x 10 Nm
(l x 10  ^  torr) , has a clearly marked columnar structure, starting
immediately the oxygen was admitted (Fig 6*9(d))© Deposits 42 and 43
with higher oxygen pressures (Fig 6*10) show that a columnar structure
started when oxygen was admitted® This columnar growth partially broke
down after 2~*3y.m and a darker deposit with a finer surface was formed©
It could be that after of columnar growth the conduction path to
the substrate was not as good, and the layers above this were deposited
at a higher temperature than that measured: the surfaces of these two
deposits looks veiy like deposit 34 (Fig 6© 12) made at433°K. Since this
effect was not observed with deposit 33$it' must be related in part to
oxygen pressure® The incidence of columnar growth was very evident even
„,o
to the naked eye: deposits made at less than 5*3 x 10 Nm (4x10
torr) were shiny but had a milky white sheen; deposits made between
9*3 x 10 ^ Nm 2 (7 x 10 6 torr) and 1 ©3 x 10 ^  Nra 2 (1 x 10 ^  torr) were
grey “white and had-a dull surface with anisotropic reflectivity (these
■ -3 -2
had the columnar microstructures): deposits made above 2*7 x 10 Nm 
J (2 x 10~5 torr) were dark grey in appearance but were shiny indicating a 
smooth surface©
Figs 6*11 and 6*12 together with Figs 6*9(c) and (d) show the effect of
**3 "2 / **5 \substrate temperature on Al*~0, 1*3 x 10 Nm (1 x 10 torr), deposits
(hardnesses shown in Fig 6*1 )* Deposit 32 made at 163°K to 213°K was 
cracked but with finer and less frequent cracks than with pure Al* This 
is the result of a combination of increased strength of the Al-0 layer 
and. the trapping of vacancies on a finer scale resulting in a smaller 
long range tensile stress* There was no columnar, growth, or just a
«• 104  **
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faint suggestion of it at the beginning of the Al-0 layer. Layers can be 
seen in the Al-0 part of the deposit: these vie re caused by fluctuations in 
the oxygen pressure as it was being adjusted to try to keep it to its 
nominal value. The ductile nature of the pure Al under layer can be seen 
in Fig 6.11(c) where it has been forced into the cracks in the brittle 
Al-0 layer® The columnar growth was also absent in deposits 34 and 35 
made at higher temperatures® Deposit 35 made at 573°K shows a very coarse 
structure with a very uneven surface and with large inclusions* which were 
most probably Alo0^ . Figs 6©13 and 6.9(c) and (d) show the effect on 
structure of varying the deposition rate* while keeping the Al/O ratio 
constant (hardnesses shown in Fig 6.2). Deposits 3& and 37 have less well 
defined columnar structures than deposit 33s and they were not as hard. 
These structures support the comments made about Fig 6.2 in section 6.2.
6.3o2 ELECTRON MICROSCOPY 
The method of preparing thin foils from these thick deposits was described 
in section 2.2.3® Fig 6.14 shows deposit 36* after the first stage in the 
preparation* when a hole had been polished by electro-jet through the 
substrate. Fig 6.15 shows the same specimen after final polishing to 
produce a hole in the deposit with areas around it thin enough for 
transmission electron microscopy. This particular specimen was polished 
for longer than desired* but useful areas were still obtained from which 
Figs 6.26 and 6.27 were taken. Fig 6.16 shows deposit 32* after final 
polishing. The cracking observed when the ductile under layers were 
removed indicated that considerable tensile stresses remained in the 
deposit on the substrate©
Fig 6.17 shows the structure of the pure Al layer deposited at 573°K in 
deposit 32* where the crack in the brittle Al-0 layer had run into the
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Al layer. It is typical of a pure Al structure* and shovrs many dislocations* 
the result of plastic strain which blunted the tip of the crack and stopped 
it from continuing.
Fig 6.18 shows the results obtained with Al-0 deposit 32* made at 163 to 
213°Ko As deposited Fig 6.18(a) it had an extremely fine structure similar 
to the 200nm Al-0 films deposited at 77°K (see for example Fig 5»10(&)). 
After I2h at 673°K a coarser structure was obtained* but the diffraction 
pattern indicated that no Al was present: the diffuse halo obtained by 
electron diffraction was similar to that found with film 28 (Fig 5»19) 
deposited at 573°K* and which was assumed to be caused by AlgO^ which' had 
not crystallised to form Y AlgOj* 2Ms is substantiated here by Fig 6.18(c) 
which shows deposit 32 after isochronal annealing to 873°K« The structure 
was even coarser than in Fig 6.18(b) and the diffraction pattern indicates 
that it was y A1o0„ . This Alo0_ was most probably formed in the grain 
boundaries of this vexy fine structure and it formed a honeycomb structure 
that managed to maintain its form after the aluminium had been leached out
ppj
by the polishing process. Abeles, Cohen and Stowell found evidence for 
such grain boundary oxide films for Al-0 films with grain sis ©3 of ^
Deposits made at 293°K were very different from the equivalent 200nm films 
indicating that the structure of deposits made at this temperature changed * 
as the thickness increased© Figs 6.19 and 6.20 show the microstructure of 
deposit 33* as deposited. Large grains, relatively free of dislocations, 
with veiy straight boundaries were obtained. These boundaries appeared to 
contain amorphous AlgO^ Films. The few dislocations seen were associated 
with the boundaries© This* together with the dislocation-like contrast of 
the boundaries and the fact that they are largely small angle boundaries*
suggests that these boundaries are formed by the interaction of oxygen 
and dislocations or steps as the deposit grew.
Figs 6.21 and 6.22 show the same deposit heated for 12h at 673°K* The
boundaries5 although showing a similar overall form, are more irregular
in detail and appear to be wrinkled. The coefficient of linear expansion
of AlgO  ^ is  only one-third of that of A l, Assuming that there was no
elastic strain at 6?3°K, the A^O^ boundary films would have to accommodate
a compressive strain of 0 on cooling to room temperature® It is more
likely that the boundary films were being modified by diffusion processes
whose driving force was the reduction in interfacial energy. Fig 6.21
shows some grain boundary Al^Oj projecting into a hole polished in the
foil. This Alo0_ must have been amorphous however as no A1JX spots were 
* 3  2 3
seen in the diffraction patterns. On close examination the grains in
this specimen had a fine scale speckled appearance, the speckles being
taken as small amorphous Alo0_ particles.
3
Figs 6.23, 6.24 and 6.25 show the effect of heating deposit 33 up to 873°K 
for 0.5h, The grain boundary films had clearly broken up into discrete 
particles, though a few straight boundaries remained. The most striking 
thing was the profusion of small intracjystalline y AlpO^ particles 2~5um 
in diameter. Slightly larger particles of y AlpO, were visible in small 
angle boundaries and there were associated denuded zones . The y Al^O^ 
particles were slightly elongated with their long axis related to the 
orientation of the Al grain. The y AlpO^ was epitaxial with the Al - 
this is particularly clear in the diffraction pattern of Fig 6.24(h) 
where the Al 220 spots and the y Al^O^ 440 spots coincide in angle.
There was also considerable strain contrast associated with the particles, 
which could be coherency strain in the Al caused by the accommodation of
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misfit across the interface, or strain caused by differential
225thermal contraction: Ruedl and Staroste observed such strain in SAP 
foils and found the strain increased with-the rate of cooling.
Figs 6.26 and 6.27 are of deposit 3 made at the same temperature as 
deposit 33 with the same nominal oxygen content* but at one fifth of the 
deposition rate. This deposit was not heat treated and these Figs must 
therefore be compared with Figs 6.19 and 6.20. Similar straight line 
features were obtained but in deposit they were much closer together 
t and, rather than appearing like boundaries, they were more like
intracrystalline defects. They were parallel to {111} planes in'the Al 
lattice and there were very small changes in orientation across them. 
Having more time for re-arrangement on the groyring surface, more oxygen 
would be present in these defect films than in the boundary films of 
deposit 33. It would be interesting to heat this deposit to 873°K to 
see hoy/ much y AlgO^ would form as small particles. In Fig 6.27(a) the 
defect films showed a contrast consisting of faint wavy lines parallel 
to the <112> directions. They were most probably oxygeiy^ oxide decorated 
edge dislocations. The strain contrast normally associated with 
1 dislocations would have been reduced by the reduction in elastic strain 
caused by the oxygen atoms.
6.4 DISCUSSION
Pure Al deposits made at room temperature and above had microhardnesses 
only slightly greater than the hardness of annealed bulk Al: this indicates 
that little or no contamination from the source or environment was present. 
The pure Al deposits showed an increased mierohardness only when deposited 
below room temperature*. This increase was the result of vacancies trapped 
in the deposit as it was being made. On warming to room temperature these
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vacancies would have become mobile and formed dislocation loops and voids, 
which would explain the increased mierohardness as measured a t room 
temperature.
The A l-0  deposit made at 163 °K to 213°K was sim ilar in  structure to  the 
th in  A l-0  film s made at 77°K (the discrepancy in  temperature is  discussed 
in  Chapter 7 )* The thickness of the deposit appeared therefore to have no 
e ffec t on its  structure at these low temperatures® The oxygen which caused 
the nucleation of Al grains continued to do so at the same rate throughout 
the thickness.
At 293°K however their-e was a marked difference between the structures of 
the th in  A l-0  film s and the th ick A l-0  deposits. The grains in  the th in  
A l-0  film  were irre g u lar and 30~40nm in  diameter, whereas the th ick  A l-0  
deposit (33) had large grains, ^  Ijxm in  diameter, with s tra ight boundaries. 
Some grains, of more favourable orientation than the res t, must have grown 
p re fe re n tia lly  leading to large grain sizes and columnar growth. Yrynblatt 
and Gjostein have made calculations of atom m obilities on Cu faces fo r  
(100), (110) and (111) orientations. They found marked differences in  
migration energies: vacancy migration was most d iff ic u lt  in  a ( i l l )  surface 
but adatom migration was very much easier over a ( i l l )  surface than over 
eith er of the other two. The incidence of the columnar growth was a f fected. 
by changes in  temperature, oxygen pressure and deposition ra le . I t  there­
fore depended on the re la tiv e  m obilities of A.1 and 0^ , on the growing
OJ
surface, appearing when Al atoms were the more mobile. Bickerdike using 
a scanning em has observed these regular boundaries on the growing surface 
of pure A l, but found on sectioning the deposit afterwards that the 
structure had not been preserved: i t  appeared to be a mode of growth y/hereby 
atoms migrated to steps leaving low energy faces exposed, as observed w ith
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227the growth of many crystal species * On filling in the gaps, however, 
irregular boundaries were formed between neighbouring grains * When oxygen 
was present on the groyning surface, these growth steps-were preserved by 
the migration of oxygen molecules to the steps to form boundary films of
a12°3"
Films formed on substrates above room temperature were relatively soft
. i
and showed no columnar growth* The deposit formed at 573 K had a very 
uneven surface* The temperature of these deposits must have been 
sufficient for the production of a relatively coarse dispersion of Al^^ 
while the deposit grew* The difference in mobilities and sticking 
probabilities on Al and Al^O^ on the growing surface would explain the 
very uneven surface even though the atoms were impingeing at a uniform 
rate over the surface•
On annealing these deposits isochronally deposit 32 hardened initially
while deposit 33 softened and then hardened slightly* There were most
probably two conflicting processes occurring: a* the annealing out of
defects to give a slight softening; b* the redistribution of the oxygen
\ atoms to dislocations or grain boundaries to give a hardening* The
softening process occurred'at a lower temperature, as seen in deposit 33*
but was masked in deposit 32 by the hardening process* All the deposits
softened in two main stages* The first stage at 573°K was accompanied
by some grain growth in deposit 32 and some alteration in the grain
boundary films in deposit 33 • There was undoubtedly some dislocation
movement which would also contribute to the softening* It was after this
stage that the small amorphous AlgO^ particles were first noticed in
deposit 33: this production of a fine dispersion of Al?07 particles might
j
have contributed to the slight rise in hardness between 623°K and 773 K.
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After the second softening stage between 773°K and 873°K there was 
considerable grain growth in deposit 32 and a breaking up of grain 
boundary deposits in deposit 33® The dispersion of y Al^O^ which was 
present after this softening stage was most probably the result of the 
crystallization of the amorphous particles and therefore would not 
contribute any increase in hardness: there was if anything a coarsening 
of the dispersion* All of these processes, occurring near the melting 
point of aluminium (933°K) where the Al atoms were quite mobile, 
contributed to the general coarsening of the structure and the 
accompanying softening.
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(a) X200
233 K
I 3 3 K
573 K
(c) X1000
PIG- 6.7 Al deposit 29 made in UHV at 3 nm s * on Al substrate 
initially at 573°K* and cooled during deposition with 
liquid nitrogen: (a) and (b) surface, as deposited;
(c) cross-section, polished and etched
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PIG- 6*8 Al deposits (30 and 31) made in UHV at 7 nm s ' on Al 
substrate initially at 373°K, and cooled during 
deposition to (a) and (b) 293°K> (c) and (d) 433 °K
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-1FIG 6.9 Al deposits (39 and. 33) made at 5 nm s ' on Al
substrate, initially at 373°K, and cooled to 293°K:
o:xygen was then admitted to give pressure of
(a) and (b) 4 x 10*“^* NmT^, (c) and (d) 1 .3 x10’*^Nm“‘t-
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PIG 6.10 Al deposits (42 and 43) made at 4 na s ' on Al 
substrate, initially at 573°K, and cooled to 293 K; 
oxygen was then admitted to give pressure of (a^ 
and (b) 2.7 x 10~-;Nm’‘2, (c) and (d) 4 x 1
X1000
X200
(b) 10 ^  X1Q00
X1000
—1
FIG- 6*11 Al deposit 32 made at 3 nm s on Al substrate,
initially at 373°K, then cooled with liquid nitrogen:o 
oxygen was admitted to give pressure of 1 ,3 x 1 ; 
(a.) and (b) surface (c) cross-section as polished
(d) cross-section polished and etched
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4-35° K 
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(b) 10 yta X1000
X1 000
X1000
FIG 6.12 Al deposits (34 and 33) made on Al substrate,
initially at 373°K, then cooled and oxygen admitted 
to give pressure of 1,3 x 10"*Nnf"2 (a) and (b) 433°K? 
4 nm s’"1 (c) and (d) 3 7 3 3  nm s~'*
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(d) XI000
FIG 6.13 Ai deposits (36 and 37) made on Al substrate, initially 
at 373°K, then cooled to 293°K and oxygen admitted so 
that &A) 02“ cons^an^: (a) an(^  03)  ^ 11111 s*“ * 2.7 ^ 10“4
Nm*“2; (c) and (d) 23 nm s*"’! , 6.7 x 10"5
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X200
FIG 6*14 Al deposit 36, seen through the hole polished in 
the substrate by electro-jet. The deposit forms 
a replica of the substrate surface, showing the 
polishing scratches.
X200
FIG 6.13 The same specimen, as shown in Fig 6.14> after 
final polishing to produce a hole through the 
deposit.
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X200
FIG 6.16 Liquid nitrogen cooled deposit 32, after
profiling and final polishing. The cracks 
which formed just as the dejjosit perforated 
indicate the brittle nature of the deposit 
and the presence of tensile stresses.
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% •
FIG 6.17 Electron micrograph and diffraction pattern of
the 373°K pure A1 layer of deposit 32, where the 
crack in the brittle layer had run into the 
ductile pure A1 layer.
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(c) X80,000
FIG 6.18 Electron micrographs of deposit 32, made at 163 to
213°K at 3 iTm s~’' in 1 .3 x 10“3 I'faT^ C^  (a) as deposited 
(b) heated to 673°K for 12h (c) after isochronal anneal
in 30°K, 0*3h steps up to 873°K
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X30,000
100 nm X30,000
FIG 6*19 Electron micrographs of deposit 33 
made at 293°K at 3 nm s“  ^ in 
10“-* Min-2'-1.3 x <>2 : as deposited,
(a) typical disordered region
(b) more ordered region showing long 
straight boundaries and large 
clear grains.
(0)
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FIG 6.20 Same specimen as fig 6*1 $): region with (l i 2)
orientation showing dislocations associated 
with straight grain boundaries
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(b) 100 nm X80,000i---1
FIG 6.21 Deposit 33y made at 293°K at 5 nm s  ^ in 1.3 x 10 J
Em 0£S heated to 673°K for 12h (a) typical disordered 
region 0 0  area showing grain boundary A1Q07 projecting 
into hole polished in thin foil. J
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100 nm X80,000
i___i
FIG- 6.22 same specimen as Fig 6.21 : region with orientation
similar to that of Fig 6.20 showing altered nature 
of grain boundary deposits, and fine structure in 
the grains which could be amoiphous A1 07 particles
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(b) '100 nm X80,000
FIG- 6.23 Deposit 33, made at 293 K at 5 nm s in 1,3 x 10 
Nnf^c^: heated in 30°K, O.ph steps up to 873°K
(a) typical area showing fragmented grain boundary 
AloO-^ and fine YAI2O3 particles within the grains 
(b; area showing small AI2O3 particles in small angle 
boundaries and associated denuded zones
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FIG 6.24 Same specimen as in Fig 6.23 showing many particles 
of yAloO^ within a grain (a) bright field (b) dark
field using (220) A1 and &40)yAl203 electrons
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100 runi .j X90,000
(b) X90,000
FIG- 6.25 Same specimen as in Fig 6.23 showing YAlpO^ particles 
in small angle boundaries and along faults, and 
associated denuded zones. The yAlpOj, particles are 
oriented with respect to the A1 grain indicating 
epitaxy (a) bright field (b) dark field
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(b) 100 run X80,000
FIG 6*26 Deposit 36, made at 293°K at 1 nm s  ^ in
2.7 x 10“^ " as deposited (a) typical electron
micrograph (b) enlargement of part of (a) showing 
AI2O3 decorated faults within the grains - note the 
change of orientation at the boundary and the small 
change in orientation across the decora,ted faults.
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TH.Gr 6.27 Same specimen as in Fig 6.26, showing that the
AI2O3 decorated faults are parallel to the (111) 
Al planes
X30,000100 nm 1___1
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CHAPTER 7
GENERAL DISCUSSION
In this chapter the results of all the various investigations are discussed 
together* This discussion falls naturally into two parts: 1 the processes 
that occur during the deposition that determine the structure and properties 
of the deposits; 2 the processes that occur during subsequent heat treatment 
to modify those structures and properties*
7*1 ■■DEPOSITION PROCESSES
7*1 *1 DEPOSITION OF PURE ALUMINIUM
When aluminium is deposited alone* the structure of the deposit is determined
by the mobility of the Al atoms on the growing surface * the arrival rate of
Al atoms which determines the time available for surface atom movement* and
re-arrangement of atoms in the deposit beneath the surface* In considering
30 31 12.the deposition of atoms on a solid surfa.ce it is usually assumed 9 or
28concluded that impingeing atoms are quickly thermally accommodated by the 
surface. The mobility, therefore*, of the Al atoms depends on the surface 
temperature and the nature of the surface© In the study of Al deposition 
on NaCl (Chapter 3) it was found that the initial structure was determined 
by the nucleation rate and Al island growth rate* The residence time of an
/  • “**t 0  \
isolated Al atom on the NaCl surface was found to be veiy short 10 s) . 
but, because of the high adatom density and the relatively high mobility 
of Al atoms in the temperature range covered (293~5730K)* the nucleation 
rate was high and films with small grain sizes were formed. It was also 
found that once a large grained film had been formed at 6i8°K the 
temperature could be reduced to $28°K and the large grain size was 
maintained during continued deposition. This was because Al atoms arriving 
on the Al surface had only to move a fraction of a lattice spacing to adopt
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the structure of the surface*, It was also found with these thin films that
there was a preferred orientation with the close-packed low energy planes
parallel to the substrate, that is parallel to the exposed surface*. If the
arriving Al atoms have time to move on the surface for distances large
compared with the lattice spacings then the Al atoms can move to the edges
of growing grains and in this way grains of preferred orientation can grow
with increasing thickness. At lower temperature where the mobility of Al ;
atoms is limited to less than the lattice spacing, then, because of
statistical fluctuations in the arrival rate of Al atoms over the surface,
vacant lattice sites will be produced and eventually be buried beneath the
surface. In the resistance studies of thin Al films (Chapter 5) it was
found that at 77°K approximately 15/o of the lattice sites were vacant. In
the study of thicker films (Chapter 6) it was concluded from shrinkage of 
« \ 
the films that a lower limit for vacancies trapped at between 183 K and
233°K was 1 This means that in these cold deposits vacancies were only
2-4 atom spacings apart on the surface, implying severely restricted surface
mobility. This is further supported by surface roughness measurements
reported in Chapter A* The author is not aware of any measurements made on
the surface diffusion of Al: it is difficult to produce and maintain a clean
enough Al surface for long enough to make a measurement* Surface diffusion
228 - studies on Cu, Ag and Au by thermal grooving and scratch smoothing have
yielded values for activation energies very similar to activation energies •
for volume self diffusion.
??8 181 Surface diffusion Volume diffusion
~  2 —1 Do m s Qs eV
2 —1 Do m s Qv eV
Cu 6 2.21 2.9 x 10~5 2.08
Ag 0.25 1 .5^ 3*95x1 O’*5 1 .92
Au 5 2.05 9.1 x 10 ^ 1.82
138 -
Surface diffusion is very much faster because of the greater value for 
Dq for surface diffusion. It might be expected therefore that the 
activation energy for surface diffusion of Al is similar to that for 
volume self diffusion. Since marry vacancies are for^ med on the surface 
because of the deposition process, the activation energy for vacancy 
formation can be ignored and only the activation energy for vacancy
a qi
movement need be considered. Pederighi has discussed the results 
obtained by many authors on the annealing of quenched-in vacancies in pure 
Al. The range of activation energies for vacancy migration is 0.3 eV to 
0.65 eV, with most values between 0.4 eV and 0.5 eV. Tt seems that the 
variation in activation energy reflects the variety of vacancy complexes 
(vacancies, divacancies etc) associated with changes in concentration of
point defects and the densiiy of condensation centres. The activation
« t 
energy depends largely on quenching temperature. If the activation
energy for surface movement is assumed to be that found for vacancy
migration in stage 1 in Chapter 5 (0.3 6 eV) approximate values can be
found for jump frequencies for Al atoms on the surface (the following
argument would still be valid for activation energies as low as 0.2 eV).
13Assuming that each atom makes ~ 10 attempts to move per second, then 
at 300°K the jump frequency is ^  10*^  s  ^ and at 100°K it is 10 ^ s  ^•
The monolayer time was, for thin films 0.3s and for thick films 0.07s.
Thus it can be seen that at room temperature the aluminium atoms could 
move many atom spacings before being buried, but at liquid nitrogen 
temperatures no movement was possible. The time for one jump would be 
comparable with the monolayer time at about 150°K. Thick deposit 29 
showed a change in structure on cooling the substrate to 183°K. Thus, 
even though the atoms have to move less than one spacing to adopt the 
structure of the surface, the trapping of vacancies caused changes in 
structure. There must be fluctuations in vacancy -concentration on the
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surface. Where clusters of vacancies form, the local re-arrangements in 
the lattice must be sufficient to cause changes in orientation and hence 
to cause new grains to nucleate. These simple arguments of surface 
mobility during deposition, appear to explain adequately the trapping of 
defects at low temperatures and the relative freedom from defects at room 
temperature and above*,
7*1 *2 DEPOSITION OF ALUMINIUM M W  OXYGEN 
When oxygen atoms are impingeing on the growing surface the picture is 
much more complex. As well as the mobility and arrival rate of Al atoms, 
consideration must be given to the sticking probability of the oxygen, 
the mobility of oxygen on the surface, the nature of the oxygen adsorption,
whether it is present as molecules or atoms and the possible existence of
229 /Al-0 complexes. May has suggested that foreign atoms or molecules (in
this case oxygen) can be adsorbed at a step on a metal surface and the
energy derived from the exothermic adsorption is enough to create "hot
molecules”, each consisting of a foreign atom and a metal atom from the
step, with sufficient mobility to .reconstruct the surface even at room
temperature. Surfaces formed by evaporation are usually uneven (roughness
values for Al, reported in Chapter If, vaiy from 3 at room temperature to
30 at l ^ 0^ ) and therefore contain many steps where such processes could
occur.
Some idea of surface mobility can be derived by comparing Al-0 deposit 32 
made at 163°K to 213°K with thin Al-0 films made at 77°K. They had similar 
grain sizes, both as deposited and after annealing - compare, for example, 
Figs 5«l0(a), 5*11 (a) and (b) with Figs 6.18(a), (b) and (c) (it must be 
assumed that the ox5.de structure of Figs 6.18(b) and (c) was of a similar 
scale to the grain size of the Al-0). It is surprising that the thick
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deposit made at 163°K to 213°K should be more like the thin film made at 
77°K, than the film made at 1 9 3 The temperature of deposition of the 
thick deposit was taken as that of the copper substrate holder, so the 
measured temperature would be a lower limit* The temperature on the glass 
substrate could have been higher than that recorded by the thermo-couple 
during deposition* After deposition, however, the calibration indicated 
that these temperatures agreed. The resistance of the. Al-0.thin films 
deposited at 77°K started falling by 113°K« The resistance of the pure 
Al deposited at 77°K and of the Al-0 film deposited at 190°K started 
falling within 10 deg*K of their deposition temperature# Because the 
mobility of the atoms was greater on the growing surface than in the 
deposit afterwards, one Y/ould expect some delay in the fall in resistance.
Thus the temperature measured during deposition was not in error by more
! * 
than 10 deg*K, which was not enough to explain the apparent discrepancy*
The thick films were deposited at five times the rate of the thin films:
because of the small activation energies of processes occurring at these
low temperatures it could be that the difference in temperature was
compensated for by the difference in deposition rate* Effecting a fivefold
increase in the rate of a process on increasing the temperature from 77°K
to 188°K implies an activation energy of 0.02 eV: this is much smaller
than the activation energy for movement of Al atoms on the Al surface
1790*4 eV)* Hayward and Trapnell state that heats of physical adsorption
should be low compared with heats of chemisorption 1 eV) and are in the
p pQ
neighbourhood of heats of liquefaction 0*1 eV)* G-jostein found that 
the activation energy for surface self diffusion was 0*1 - 0*7 times the 
heat of sublimation* With adsorbed atoms or molecules the heat of 
desorption can be substituted for the heat of sublimation* This means 
that physically adsorbed atoms or molecules should be able to migrate 
■with activation energies -typically in the range 0*01 - 0.07 eV* The
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process described above, with an activation energy of 0.02 eV, could well
be therefore the migration of physically adsorbed oxygen molecules on the
11U-A1 surface. Endow and Pasternak , adsorbing oxygen on Mo, found a 
physisorbed surface species that was mobile at 77°K; and Lewis and G-omer^^, 
for oxygen adsorption on Pt, observed low temperature diffusion (27-80°K) 
in a pbysisorbed layer with an activation energy of 0.04 eV.
If it is assumed that a physically adsorbed oxygen molecule can migrate 
with an activation energy 0.02 eV, can desorb with an activation energy 
0.1 eV and can be chemisorbed with an activation energy 0.15 ©V (E + Ep in 
Chapter 2f)> then the relative rates of these processes can be estimated.
The exponential terms, of the form exp (li/kT), are proportional to the 
times needed for each process and are as follows:
i
migration desorption chemisorption
100°K 10 I d x l O 5 3*5 x 107
300°K 2.1 48 320
Thus at 100°K an oxygen molecule can make 1 ©1 x 10^ jumps before desorbing 
and 3*5 x 10^ jumps before chemisorption. At 300°K an oxygen molecule can 
make 23 jumps before desorbing and 152 jumps before chemisorption (the 
denuded zones near boundaries in Pig 6.25(a) are ^ 30nm ^ 100 jumps wide) •
If a reasonable estimate for the pre«*exponential term is taken it is readily 
seen that most of the above processes can occur in a time short compared with 
the time to deposit a monolayer of Al. The only time that might be comparable 
to the Al monolayer time is that for chemisorption at 100°K. This picture 
will obviously be altered by the nature of the surface. Diffusion along and 
across; steps in the surface will be different from diffusion across: a plane 
surface. It does show however that oxygen molecules, given the time, can 
diffuse further at 100°K than at 300°K, because at 300°K the molecules 
will become chemisorbed and effectively immobilised, khodin, Orr and
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231Walton suggest that there is a nucleation step in the formation of
oxide layers on metal surfaces and they have developed an atomistic model
to explain qualitatively the significant features of oxidation. At 100 °K,
oxygen molecules are desorbed less readily than at 300°K and there will
thus be a greater density of adsorbed oxygen molecules. This and the fact
that they can diffuse further means that they will more readily form
231nuclei of oxide or oxygen aggregates. Rhodin et al suggest that these 
oxide nuclei will grow laterally into islands. Such aggregates, by 
shielding the underlying aluminium surface could provide sites for the 
nucleation of new aluminium grains. In section 7*1*1 it was concluded 
that Al atoms were immobile at 100°K and very mobile at 300°K.
These ideas of mobility of oxygen and aluminium lead to the following 
*
conclusions.
a. On liquid nitrogen cooled substrates « Al atoms have little or 
no mobility and form rough surfaces with many included point defects. 
The oxygen molecules are mobile and can form aggregates on which 
fresh aluminium grains are nucleated. Because chemisorption is slow 
at these low temperatures some of the oxygen molecules -may be buried 
by further aluminium before being chemisorbed. There will be 
interactions between the various types of point defects: vacancies, 
vacancy clusters, oxygen atoms and oxygen molecules. These effects 
lead to the deposits described in Chapters 5 and 6 - fine grains
(< 10nm diameter) of random orientation, containing many point 
defects and a fine dispersion of oxygen.
b. On substrates at room temperature • Aluminium atoms are mobile 
on the growing surface and hence preferred orientations and large
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grains can develop as the deposit grows in thickness* Because of the 
variation of surface energy with orientation, and because Al atoms 
can readily diffuse along steps in the surface, long straight 
boundaries can form on the growing surface* Oxygen molecules are 
less mobile at 300°K than Al atoms and they are readily chemisorbed 
on what are relatively flat aluminium surfaces* The limited mobility 
that the oxygen molecules have allows those nearest to steps in the 
surface to adsorb preferentially on these steps. Thus deposits made 
at room temperature (Chapters 5 and 6) were more ordered than the 
colder deposits, had larger grains with straight boundaries that were 
decorated with oxygen, and had oxygen atoms dispersed through, the 
grains as the result of oxygen chemisorbed on the growing surface*
t *
Bickerdike et al observed structures in thick Al-0 deposits made at room
temperature similar to those made here. Examination of these deposits by 
252Walton by X-ray diffraction showed that the oxygen had entered the Al
232lattice causing an increase in the lattice parameter* Walton was able 
to conclude that the oxygen had formed an interstitial rather than a 
substitutional solid solution, but he was unable to conclude where the 
oxygen atoms were in terms of specific sites in the unit cell* As stated 
in section 5»if> uo lattice parameter shift was found in the Al-0 thin film 
deposited at 77°K. It could be that the trapping of physically adsorbed 
oxygen molecules does not produce the shift in lattice parameter observed 
with the trapping of chemisorbed oxygen atoms. Alternatively the very much 
smaller grain sise in the cold deposits could alio?/ any such effect to 
anneal out at lower temperatures: this is discussed further in the next 
section, but to be definitely resolved would need further X-ray 
investigation*
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7*2 HEAT TREATMENT OF DEPOSITS
Heating the substrates after deposition produced an ordering, with associated 
drops in energy, in the Al and A1~0 deposits: the grains grew larger, the 
resistivity dropped and microhardness decreased (after an initial increase 
in some cases)® All these effects indicated a recovery from the disordered 
structures produced by the deposition® But the effect of temperature was 
much less marked after deposition than it was during deposition, indicating 
that the atoms had a much greater mobility on the growing surface than they 
had in the bulk after deposition® This was evident from the resistivity 
studies, the microhardness measurements and from electron microscopy®
Because of the relative lack of mobility in the bulk the properties and 
structures changed only slowly when first the temperature was increased: 
it was not until the temperature was raised considerably above the 
deposition temperature that significant changes in structure could be 
effected®
Pure aluminium deposits put down on liquid nitrogen-cooled substrates had
a small grain size compared with bulk aluminium and contained approximately
15 &t* % vacancies, that caused an increase in resistivity and microhardness®
•■*8On warming to room temperature the resistivity dropped from 15*1 x 10 fim 
to within 0*4 x 10 ^ Dm of that of pure Al (2©8 x 10*^ Qm at *293°K) j 
indicating that the trapped vacancies had annealed out® In the thick 
deposit this annealing out of vacancies on warming to room temperature 
produced sufficient tensile stress to cause cracking and a 6% linear 
contraction of the deposit® On heating the pure Al thin films above room 
temperature there was a small decrease in resistivity associated with 
grain growth: the value of grain boundary resistance, 5*3 x 10 fim , 
agreed well with that for pure Al derived from values in the 
literature1^ ’165’209’210.
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When aluminium and oxygen were deposited together the deposits showed, 
during isochronal annealing, four main stages in the reduction of excess 
resistivity and these occurred at similar temperatures to changes in 
microhardness«
Stage 1 occurred below room temperature and as with pure Al could be
ascribed to the movement of vacancies or vacancy clusters® The activation
energy 0*34 to 0®38 eV is at the lower end of the range found by 
194Federighi for vacancy migration in quenched Al which occurred between 
173°K and room temperature® From the drop in resistivity it was estimated 
that the vacancy concentration was ^20 at® % compared with 15% for pure
Al: this most probably reflects the interaction of oxygen and vacancies®
dp o oThe peak in the plot of - gg v T was moved from 193 K for pure Al to 273 K
1 I
for Al-0, 2*7 x 10 Nm (2 x 10 torr 0^ ), indicating that the oxygen 
hindered the migration of vacancies: since oxygen atoms cause an' expansion
oi p^p
of the Al lattice 9 and vacancies cause a localised relaxation one
would expect a short range attractive force between vacancies and oxygen
atoms o The cracks in the thick Al^O deposit were not as close together
as in the pure Al deposit® The .Al-0 deposit was highly stressed, however,
and it is concluded that the vacancies condensed in the grain boundaries
which, being closer together than in pure Al, led to a finer dispersion
of grain boundary voids making crack nucleation more difficult. Ituedl 
233and Staroste observed a similar accommodation of strain by vacancies 
in quenched SAP. These grain boundary voids could be seen in the electron 
micrographs® The microhardness of the room temperature deposit fell 
slightly on warming and this was assumed to be caused by the annealing 
out of vacancies® In the liquid nitrogen cooled deposit, this effect was 
masked by the hardening that occurred at, or just above, room temperature. 
It would be interesting to follow the microhardness of these cold deposits 
as they warmed up to room temperature through stage 1® After stage 1 the
temperature dependent part of the resistivity was still similar to that of 
pure Al and the temperature independent part was still much higher than 
that of pure Al indicating a fine dispersion of oxygen* The results of
O) p?p
Bickerdike et al and of Walton show that the shift in lattice parameter 
lasted indefinitely at room temperature, indicating that the oxygen remained 
in solution during stage 1*
Stage 2 occurred between 275°K and 423°K* The peak in the plot of -.rjjg v T 
was obscured to some extent by stage 1 in the film deposited at 77°K but 
in the film deposited at 190°K the stage 2 peak was clearly defined* The 
activation energy,' 0*7 to 0*9 eV, was higher than that for vacancy 
migration* In this temperature range the thick deposits showed a marked 
hardening: the hardening continued up to 523°K, above the temperature at
' ' or
which the resistivity had stopped dropping in stage 2* Bickerdike et al 
found, that hardening in Al-0 deposits was accompanied by a reduction in 
the lattice parameter shift* It is concluded that during this stage the 
oxygen atoms are moving from their positions in interstitial solution and 
migrating* In the coldest deposits with grain sizes of < lOnm, the oxygen 
atoms do not have to move far to be deposited on dislocations and grain 
boundaries* This would cause hardening by locking dislocations and by 
forming a dispersion of oxide or oxygen rich zones* In the room temperature 
deposits, which also show a hardening effect up to 523°K it is more 
difficult to conclude what happens to the oxygen* The thin films have 
small grains and the resistivity measurements indicate that stage 2 was 
finished by 423°K: as with the cold deposits, dislocations and grain 
boundaries are obvious places to which oxygen would migrate* With the 
thick deposits however the grains are large 1 pm) and, from the electron 
micrographs appear to be relatively dislocation free* Much oxygen was 
retained in the grains because with further heat treatment it appeared
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as particles of y A l I t  is possible therefore that it formed small
232clusters, although Walton concluded from X-ray evidence that this was
pj Q
not so® Bickerdike et al found that even after 10Oh at 535 K the lattice 
parameter shift A^d had reduced only from QeQ5% to 0*1$%* It seems 
therefore that the oxygen can redistribute itself so as to still cause a 
shift in lattice'parameter, to be a more effective barrier to dislocation 
movement, and yet remain invisible in the electron mici'oscope* It must 
still be dispersed in an extremely fine dispersion but could exist in 
small randomly distributed clusters possibly with trapped vacancies to 
reduce the elastic strains in the surrounding lattice® In the thin Al-0 
film deposited at 77°K there was no shift in lattice parameter® This 
specimen was examined by X-ray diffraction about one week after being
deposited® Stage 2 in the corresponding resistance specimen was finished
• o —Iby 373 K in the isochronal anneal at a heating rate of 3 deg*K min : let
us say a characteristic time of 30 min at 348°K® With an activation energy 
of 0*8 eV this would mean that stage 2 would take approximately 60 hours 
at room temperature® Thus it is important in any future X-ray study of 
these films that measurements should be made as soon as possible after 
deposition© There is therefore an important difference between the 
liquid nitrogen cooled deposits and the room temperature thick deposits: 
the former, having very small grains had an abundance of sinks for 
vacancies and oxygen atoms, whereas the larger grained room temperature 
deposits could maintain oxygen in solution indefinitely at room temperature®
Stage 3 i*1 the annealing of Al-0 deposits was more complex than either of
dPthe first two stages© The plot of - v T shows two or three peaks 
close together and centred at about 573°K: the size of these peak3 is 
smaller if stage 1 peak is smaller® The activation energy had a wide 
spread from 1*4 to 2*0 eV® There was some grain growth evident in the
thin films, the higher the substrate temperature for deposition the more
marked was the grain growth. The temperature dependent part of the
resistivity increased after stage 39. consistent with a decrease in the
effective Al cross section® The thick deposits showed a softening stage
also centred at 573°K during isochronal annealing. After 12h at 673°K
the thick deposits showed changes in the nature of the grain boundary
and very small particles appeared in the grains® Missiroli,
220Nobili and Zignani have shown with cold worked SAP that disentanglement
of screw dislocations occurs at about 473°K and climb of edge dislocations
at 573 °K, with activation energies similar to those found here for stage 3®
Their observations are consistent with the results found here and some of
the above effects associated with stage 3 can be related to dislocation
rearrangement® The softening indicates a movement of dislocations from 
»
positions where they v/ere locked by oxygen or oxide or dislocation tangles,
and a reduction in dislocation density® Stage 3 was greater if more
vacancies had condensed out in stage 1: this is because the vacancies
condensing out in stage 1 would have produced a higher dislocation
234density to affect stage 3-ku^ 1t£rd, Descouts and G-obin found a similar,
though less marked, effect on the hardening of pure Al quenched to low
temjjeratures® The grain growth was most probably caused by -sub-grain
boundary movement or as suggested for SAP by Missiroli, Nobili and 
220Zignani to sub-grain rotation and coalescence* As well, as these 
dislocation movements there was also a change in the oxygei^ /oxide 
distribution during stage 3® Small particles could be seen in the grains 
of the room temperature thick deposits and the temperature coefficient of 
resistance of the thin films increased: both of these are consistent with 
a coarsening of sub microscopic particles or aggregates formed during 
stage 2. The particles ?/ere most probably amorphous A^2 3^ *
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0 cLPStage 4 occurs above 673 'K. The peak in the - v T curve occurred
between 673°K and 823°K* The height of this pealc did not decrease as
rapidly as the height of the other peaks when the films were deposited at
higher temperatures® It was not until stage 2 had been severely reduced
by depositing at 303°K that the stage 4 pealc became very much smaller: it
also appeared as two peaks in this deposit but it was not determined if
this were reproducible® Stage 4 thus appears to depend on there being
a fine dispersion of oxygen atoms® During stage 4* which showed an
activation energy of 2®3*"2«6 eV, there was considerable grain growth in
the thin films and the amorphous Al^O^ czystallised as y Alg^ } w^-c'n was
epitaxial with the A1 grains® The thick deposits showed a marked
softening at the upper end of stage 4* above 773°K® The y *^ *2^3
crystallites were clearly defined after heating the thick deposits
’ o 1
isochronally to 873 K for ^ h, and the grain boundary films had broken up 
to form coarse particles® The small y Al^O^ particles were aligned
along certain directions in the grains, showed coherency strains in the 
surrounding Al, and the diffraction patterns indicated that they were 
epitaxial with the Al in the grains® Thus there are at least two processes 
occurring during stage 4: the coarsening and crystallization of the AlgO^ 
particles, and the marked grain growth® Studies of differing Al/AlgO^ SAP 
alloys have shown that increasing the oxide content shifts the reciystallisa-
tion of such alloys to higher temperatures and with 5«25 wt % oxide the
235 236recrystallisation did not go to completion « Wester/nan and Lenel
observed the growth rate of individual grains in SAP and determined the
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activation energy for boundary migration to be ~ 4 ©V, though Nobili et al 
concluded that because of the diminishing rate of migration this was rather 
higher than the true value* They also conclude that the dispersed phase 
increases the activation energy for boundary migration® As already 
mentioned in Chapter 3s recrystallization studies, in pure Al yielded an
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activation energy of 2©2 to 3«0 eV# it seems reasonable therefore that 
the activation energy of stage 4* 20-2.6 eV, represents the activation 
energy for boundary migration in the AX-0 depositsc Hie splitting of 
stage 4 into two stages in the 303°K film could be the result of the 
recrystallisation occurring at a lower temperature because of the coarser 
nature of the oxide dispersion, the crystallisation of the oxide and 
further particle coarsening taking place at the same temperature as in 
the lower temperature deposits#
The evaporation of aluminium in the presence of alumina gave films with 
interesting differences from Al-0 films. Stage 1 occurred at the same 
temperature as in pure Al and was not moved to higher temperatures as
with the Al-0 films# Stage 2 was more marked than with an Al-0 film of
f
comparable resistivity. Stage 3 vras smaller than for Al-0 films and 
stage 4 was much the same as for Al-O# The oxygen most probably 
travelled from the source to the substitute as AlgO (see Chapter 2)#
There were thus no adsorbed oxygen molecules on the growing surface#
Since the oxygen atoms were already single atoms in AlgO they were more 
readily chemisorbed# The Al-Al^^ film therefore would have had a 
finer dispersion of oxygen and no trapped oxygen molecules, and this 
appears to have had a smaller effect on vacancy migration© The finer 
dispersion of oxygen atoms in the Al-AlgO^ led to a greater drop in
resistivity when the oxygen atoms became mobile in stage 2# The fineness 
of the dispersion is illustrated in Chapter 2 where Al evaporated from 
an Alo0-, boat gave a deposit at 293°K that showed marked hardening at
A « 0
723 K to give a lasting hardness of 2900 M m .  This is harder than 
any of the Al-0 deposits made at 293°K and more like the liquid nitrogen 
cooled deposits, supporting the view that A^O gave lower oxygen mobility 
on the growing surface than 0^ did# It would be interesting to follow
*j 51 **
further the difference between deposits made by incorporating AlgO and 
0^ into Ale Also of interest would be the addition of a third element 
to influence the mobility of oxygen on the growing surface® Some
OX"7 *
work has been done on the addition of small amounts of Mg (0*1 wt %)
during the deposition of an Al-0 deposit at if33°K. It was found that,
as a result of the Mg, the grain size was reduced and the hardness
approximately doubled* It was thought that this was caused by the
formation of the spinel Mg Al^O^ (which is isomorphous with y -^2 3^^
20&since Dignam has shown that lOppm of Mg in Al can accelerate the 
crystallisation of amorphous surface Al^O^ to y ^ 2^3 ^  nucleating
Mg AlgO^#
7*3 GENERAL CONCLUSION 
«
line dispersions of AlgO^ in Al can be made by the evaporation of Al in 
the presence of oxygen, if the substrate is cold enough (room temperature 
or below) to inhibit surface mobility during deposition* In these 
deposits oxygen is known to form an interstitial solid solution in Al.
The presence of oxygen causes a marked decrease in grain size of aluminium 
deposits and grains smaller than 10nm can be formed in Al-0 deposits made 
on substrates at 77°K.
At 77°K only physically adsorbed oxygen molecules have any appreciable 
mobility: Al atoms and chemisorbed oxygen are effectively immobile.
At room temperature Al atoms are mobile on the surface and oxygen is more 
readily chemisorbed, though still with a small sticking probability.
At higher temperatures deposits are softer and contain a relatively coarse 
dispersion of AlgOj formed during the deposition®
After deposition there are four main stages observed during isochronal 
annealing®
Stage 1 occurs below room temperature and is caused by the annealing out 
of vacancies or vacancy complexes*
Stage 2 occurs between room temperature and 523°K and marks the initial 
movement of oxygen atoms from their positions in interstitial solution, 
causing a hardening of the deposit®
Stage 3j centred at 573°K is made up of several effects: recovery caused 
by the unpinning and movement of dislocations, grain growth and 'the 
formation of small particles of amorphous
Stage occurring above 6 7 3 ie associated with recrystallisation, the 
crystallization of the small Al£>3 particles to give epitaxial y -^2^3 
particles, and the break up of grain boundary films into coarse 
particles®
From tliis evaporation work it is concluded that much finer dispersions
of AlgO^ in Al can be produced than by powder techniques® Al-0 deposits
-2 ■ •have been produced with hardnesses up to 3000 MN m compared with
1000 MN m  ^ for SAP and 1500-2000 'MN m ^  for good commercial Al alloys. 
Heat treatment of the Al-0 deposits showed that the high values of hardness 
can be retained at higher temperatures than with conventional Al alloys 
hardened by intermetallic dispersions. But the hardest Al-0 deposits
» 153 **
were very brittle and if a useable material were to be made some compromise 
between hardness and ductility would have to be made, or some way of 
improving ductility and toughness determined®
APPENDIX 1
NUOLEATION AND G-HOY/TH OF METAL DEPOSITS
Let us assume that adsorbed metal atoms are quickly thermally accommodated
26 28with the substrate surfaces 5 . They have a residence time
r^ = (1/v0) e2p > (A1 *1)
where T is the surface temperature, is the binding energy of a single 
atom to the surface and vq is the frequency of vibration of a metal atom 
on the surface and is somewhat less than the Debye frequenoy. If the 
impingement rate per unit area is R, the time to deposit a monolayer if 
the atoms all stuck and were spread evenly (the monolayer time), is
i (1/M2) , . (A1 .2)
where d is the diameter of one atom®
If Tr «  the surface population of adatoms will reach an equilibrium 
value, Aj atoms per unit area, when the rate of desorption equals the 
impingement rate:
n,Ar = R . (A1.3)
That is, = (2/%) exp (QA/lcT) . (A1.4)
The adatoms can diffuse on the surface with a jump frequency'
v = vQ exp (- Q^/kT) * (A1®5)
Let us assume that the length of a single diffusion jump is one atom
2 -1diameter, d® Then the frequency of visits to any one site is n^vd s •
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The rate at which nuclei of deposited metal form depends on the surface 
population of adatoms, the rate at which they diffuse and the number of 
atoms required to form a critical nucleus (i atoms say)# Walton, lihodin 
and Rollins^0 give the nucleation rate as
q  = exp [ j(i + 1 )qa  + E± - cy/fcr], (A1 .6)
where n is the number of sites per unit area and E. is the dissociation o 1
energy* of the critical nucleus# If we put nQ ^ (i/d ) and use equations 
(A1 *4-) and (A1 ©5) we may rewrite equation (Al ©6)
I± = k-vn^ + 1 d21 exp (E^ lcT) = «i; ssy. • (A1,7)
The growth rate of a nucleus of radius r is
i
dr/dt = n^vd^ = p, say. (A1 ©8)
As a first approximation let us assume that there is a constant nucleation
rate a. per unit area and a constant radial growth rate P for a time t ,.1 c
the time needed to cover the surfa’ce# The final number of nuclei per unit 
area is
N = a. t . (A1©9)
a x e
The average grain area is
^c r Tc
i/i'iE = j r.p2 t2 at/J at = %$2 % z/3. (A1.10)
o o
From (A1 ©9) and (A1©10)
> c = (3AP2 a ^ 3 . (A1 ©11)
- 156 -
From (A1 «9) and (A1«1l) we have 
\  = (3a2/r, p2)^' . (A1©12)
For large values of the critical nucleus is a single atom: 
i = 1 , and E1 = 0 ©
Substituting these values in (A1©7)s (A1t1l) and (A1*12) gives
= 4vn,2 d2 , (A1.13)
1_ •
= J3/(47cn14 v3 a8)}3 , (A1.14)
Ha = (48 n 2/r, d2)^ . (Ai.15)
Shat is, H = (48 a2/nd2v 2)^ exp (2Q./3M). ' (A1.16)" .a o A
For smaller values of n^, a pair of atoms has a greater probability of 
splitting into two separately adsorbed atoms than of being joined by a 
third atom© In this case the critical nucleus is a pair of atoms and
i = 2c From (A1o7)j> (A1«1l) and (A1®12) we get
a2 = dU exp (E^ /fcr) , (A1.17)
*0 = {3/(4 ^ n]5 v3 d10 exp (Eg/M)) p  , (A1.18)
Na = ((48/it) n ^ d 2 exp (2E2A t) P  . (A1.19)
That is, Na = (48 d2 exp ((4QA + 2E2)/3kT). (A1 .20)
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The temperature of transition T^ from i = 1 to i = 2 can he obtained by 
equating end from (A1*13) and (A1©17)* This gives
Tt = (Qa  + E2) A  In (V(/d2E). (A1.21)
At even higher temperatures and lower values of n^  there will be a 
transition to a critical nucleus containing 3 atoms, but it has not been 
necessary to consider this here©
APPENDS 2
GRAIN GROWTH IN THIN METAL FILMS
238The analysis used by G-ladman , for three dimensional grain growth, has 
been adapted here to the case of thin films where the grains grow in two 
dimensions only©
Consider a hexagonal network of grains each of side rQ# The area of one 
grain,
A0 = 3/3 . v~j2 « (A2,1)
The perimeter of one grain
L =  6r . (A2.2)0 o v
Therefore the grain boundary length per unit area of film is
X = LC/2A0 = 2/ro\r3 . (A2.3)
Consider a hexagonal grain of side r growing into this network# Let it 
grow so that r increases to r + 6r„ Then its area A increases to A + 6A,
where 6A _= 3^5 r 6r # (A2©4) '
Therefore the decrease in grain boundary length of the surrounding groans is
X8A = 6r6r/ro » (A2©3)
The increase in grain boundary length of the expanding grain is
6L ss 65r • (A2e6)
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Therefore the net increase in grain boundary length is 
5L - ASA = 66r (1 - r/rQ) • (A2.7)
If the grain boundary energy per unit area is y an& there are H atoms per 
unit area of boundary, then there is an increase of energy,
6E = ^  dr (“ “ p ) Per atom • (A2*8)
o
If r > rQ, then 6E is negative and the grain will grow (Gladman. found,
for three dimensions, that r > 4r for negative di/dr).
For the force per boundary atom, F,
F = - § ^ = £ ( -  - ~) . . (A2«9)dr N r r' o
77 'According to Stcwell and Law the grain boundary velocity is MF, where
M is the mobility of a boundary atom, given by
D
K = ”  exp (-o/kT) = jjjj , (A2.10)
Where is a diffusion coefficient and Q is the activation energy for 
boundary migration*
We thus have
If we allow the surrounding grains to expand at the same rate as the grain 
considered, then
rQ = Cr . * (A2*12)
160 ~
This leads to
dr Dm Y /1-Cn 1
m unrm 2  w w M ^ w i w  . I « w i w  1 _ »*• -
dt kTN  ^C r
Integrating (A2.13) gives
(A2.14)
where the subscripts f and i denote final and initial values respectively.
If the relative sizes of the grains in the film remain about the same then 
(l-C)/C is constant and may be replaced by a factor <PS which is of order 
unity if the surrounding grains are approximately half the size of the 
growing grains®f
- r.
i kTN C-f) (tf
(A2.13)
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SUMMARY
Nickel films 35 A thick were deposited in UHV on to clean (111) aluminium 
surfaces at various temperatures between 70° and 330 °C, to determine the effect 
of substrate temperature on the structure and crystallographic orientation of the 
deposited film.
At 70 °C the Ni formed an epitaxial layer containing small epitaxial par­
ticles of AlNi. At 250 °C a continuous layer of Al3Ni was produced with no 
preferred orientation. At 330 °C an island structure was obtained with the islands 
elongated in the Al <1K)> directions: the islands were unstable at 330 °C and 
tended to become spherical to minimise their surface area.
Comparison with deposits on NaCl indicated that Ni atoms are more mobile 
on Al at about 300 °C than they are on NaCl at the same temperature.
INTRODUCTION
There have been many investigations of the deposition of metals on non- 
metallic substrates such as rocksalt, mica, molybdenite etc., where the binding 
energy Eb between two adsorbed atoms is greater than the binding energy Ea 
between an adsorbed atom and the substrate. These films grow through the well- 
known island and channel stages to become continuous at a sufficient thickness, 
which may be several hundred atom layers (see, for example, Pashley1). Metal 
films grown on metal surfaces, where Ea ~  Eb, usually grow by forming con­
tinuous layers of atoms from the very beginning of the deposition. By low energy 
electron diffraction techniques Haque and Farnsworth2 showed that nickel forms 
continuous layers of atoms on a (111) copper surface. Melmed3 has grown 
epitaxial copper deposits on tungsten in the field emission microscope and observed 
single layers of copper, with some evidence for nucleation and surface migration. 
Jesser and Matthews4-6 have studied the pseudomorphic growth of various
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metals that have b.c.c. structures in the bulk but which show f.c.c. structures when 
grown on a f.c.c. metal substrate. They showed4 that a thin layer (<20  A) of 
f.c.c. cobalt on copper was continuous and had its lattice strained to exactly 
match that of the copper substrate; with thicker layers the strain was partly 
accommodated by misfit dislocations.
Hart7 deposited 100-A Ni layers on 600-A Al at T <  100 °C and annealed 
the double layer at 400° and 500 °C to produce some Al3Ni2 and Al3Ni. In the 
present work 35-A Ni layers were deposited on aluminium at various temperatures 
from 70° to 330 °C and examined by transmission electron microscopy. The aim 
was to determine the effect of surface temperature, during the deposition, on the 
structure and crystallographic orientation of the surface layer. For comparison 
35-A Ni films were deposited on NaCl at temperatures from 20° to 300 °C.
EXPERIMENTAL DETAILS
Apparatus
The experiments were performed in an oil-free Varian VT-102 ultra-high 
vacuum apparatus with a base pressure of 3 x 1 0 “ 11 torr. The stainless steel 
chamber was pumped initially by liquid-nitrogen-cooled sorption pumps and the 
ultra-high vacuum was achieved using a 250 1 sec- 1 Yaclon pump and a titanium 
sublimation pump.
Super-pure Al (99.995%) was evaporated from an electrically heated tan­
talum boat with an evaporating area of 1.6 cm2. Ni (99.6% with principal im­
purities Co, Fe, Mg and Si) was evaporated from a similar boat of tungsten. A 
shield between the boats prevented them from contaminating each other.
Three freshly air-cleaved NaCl substrates (each Ix0 .5x0 .1  cm) were 
strapped side by side under a tantalum heating strip approximately 8 cm above 
the sources. A Ni-Cr/Ni-Al thermocouple was welded to the top of the strip and 
calibrated, in a separate experiment, against a thermocouple attached to the lower 
surface of the middle substrate.
A shutter was arranged so that the middle substrate and either of the other 
two substrates could be exposed to the sources. In this way Al could be deposited 
on substrates 1 and 2 and Ni on substrates 2 and 3.
The thickness of the deposits was monitored by means of a 6 MHz quartz 
crystal placed close to substrate 2. The thickness of the Al film (=^= 1600 A) was 
measured after deposition by interference microscopy and it agreed with the final 
thickness indicated by the crystal monitor. This showed that the sensitivity of 
the quartz crystal to heat flux from the evaporation source was small compared 
with the frequency shift caused by 1600-A Al; but with the Ni films the error 
caused by the heat flux was similar in magnitude to the effect to be measured.
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However, using the quartz crystal it was possible to obtain unknown but repro­
ducible thicknesses of Ni of about 35 A. The actual thickness was measured by 
depositing Ni on a piece of glass alongside substrate 3 and having the mass of 
Ni determined by polarographic analysis; the sensitivity of this method was 
0.0B fig Ni per ml of solution, which with the area of film available in the experi­
ment gave the thickness of the deposits as 35 + 7 A.
Procedure
The UHV was achieved after a 12-hour bakeout period in which the walls 
of the chamber were maintained by external heaters at 250 °C. During this bakeout 
period the sources were heated for \  hour at temperatures between 800° and 
900 °C and the substrates were outgassed at 400 °C, with the shutter fully closed. 
From 1 to \  hour before deposition the sources and substrates were again out- 
gassed at the same temperatures as above. The Ni source was then allowed to 
cool. The substrates were cooled to 330 °C and maintained at that temperature 
until the evaporation of the aluminium. The pressure at this stage was 3-6 x 10“ 11 
torr.
A 1600-A Al layer was deposited at 20-40 A sec*"1 on substrates 1 and 2 
at 330 °C. The temperature of the substrates was then adjusted to the required 
value (between 70° and 330 °C), maintained for five minutes to reach equilibrium, 
and a 35-A Ni film was deposited at 1-3 A sec-1 on substrates 2 and 3.
During the depositions the pressure rose to 3-5 x 10“ 9 torr. After cooling 
and removing from the vacuum system, the films were floated off the substrates 
by slowly lowering them into distilled water at an angle of about 45°. The floating 
films were collected on 200 mesh copper grids which had been wetted in pure 
ethyl alcohol. The films were examined in an EM 6G (Associated Electrical 
Industries Ltd.) electron microscope operating at 100 kV.
RESULTS
Aluminium films
The aluminium films deposited on rocksalt were similar to those described 
in a report8 on the structure of evaporated aluminium films grown on air-cleaved 
rocksalt: the grain size was approximately 1 fim  and the deposit showed a marked 
(111) epitaxy.
Nickel, on aluminium
Transmission electron micrographs of 35-A Ni on top of 1600-A Al at 70°, 
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180°, 250° and 330 °C are shown in Fig. 1. Figure 2 shows diffraction patterns 
o f parts of the film that have been oriented to show a clear (111) A l pattern.
At 70 °C
The bright field electron micrograph, Fig. 1 (a), shows clearly the grain 
boundaries in the aluminium film. In one of these grains are long straight dis-
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Fig. 1. Electron micrographs o f 35-A  N i deposited on 1600-A A l: (a) 70 °C, bright-field image;
(b) 70 °C, A IN i 1 10 dark-field image; (c) 180 °C, bright-field image; (d) 180 C, A IN i 1 10 dark-
field image; (e) 250 C, bright-field image; ( f)  250 °C, A I3N i dark-field image; (g) 330 °C, bright-
field image; (h) 330 °C, A l3N i dark-field image.
locations parallel to the <lT0> close packed directions in the Al. The electron 
diffraction pattern, Fig. 2 (a), shows a bright ring of Al 220 spots and 1.4 mm 
outside this a faint ring of Ni 220 spots displaced 30 with respect to the Al spots. 
This relationship between the ( I I I )  planes of Al and Ni in reciprocal lattice
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Fig. 2. Electron diffraction patterns o f 35-A  N i on (111) A l:  A l surface during deposition at 
(a) 70 °C, (b) 180 °C, (c) 250 °C and (d) 330 °C.
space is shown in Fig. 3 (b). (There are other faint spots in Fig. 2 (a), one of 
which, Ni 2T3, is shown in Fig. 3 (b). They are caused by double reflections: for 
example N i 2l3 is the result o f reflection N i 022 followed by A l 220 which cor­
responds to N i 211.) I f  the close packed planes o f A l and N i are drawn to scale 
(Fig. 3a) it is found that a good fit can be made i f  they are rotated 30° with respect 
to each other; the misfit is then +0.4%  (more precisely, the N i lattice parameter 
x2%/3 is 0.4% larger than the A l lattice parameter). The dislocations visible in 
Fig. 1 (a) are thus parallel to <112) directions in the N i and are most probably 
pure edge dislocations in the N i film. To accommodate the misfit completely in 
any one Ni <lT0> direction an edge dislocation, with Burgers vector \ a <1 10), 
would be required every 600-700 A; in Fig. 1 (a) they are considerably further 
apart than this, indicating that most o f the strain is accommodated elastically.
The diffraction pattern of Fig. 2 (a) also shows an inner ring which cor­
responds to the spacing for A IN i {110} planes. The spots on this ring indicate
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Fig. 3. Epitaxy of N i on a (111) A l surface: (a) (111) crystal lattice planes; (b) (111) reciprocal 
lattice planes.
that the AINi is epitaxial with the Al and Ni lattices having its lattice parallel 
to the Al lattice. When one of the AINi spots is used to produce a dark field 
picture, Fig. 1 (b), the small particles of AINi, about 30 A in size, are clearly 
visible.
At 180°C
The deposits made at 180 °C showed no sign of misfit dislocations and the 
particles of AINi were larger than in the 70 °C deposits, though still less than 
100 A. The particles are clearly visible in the bright field picture, Fig. 1 (c). No 
evidence of Ni was seen in the diffraction pattern, Fig. 2 (b). AINi spots were 
more clearly defined and showed the same epitaxial relationship with the Al as 
observed at 70 °C. Further spots corresponding to AINi {211} and {220} could 
be seen on some of the plates, but did not show up well on the prints; the position 
of these spots indicated further that the AINi {111} planes were parallel to the 
Al (111) surface and aligned with AINi <110> || Al <ll0>.
At 250 °C
The deposits made at 250 °C looked very different in the electron microscope 
from those made at 70° and 180 °C. A continuous layer with its own grain structure
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could be seen superimposed on the Al structure. In Fig. 1 (e) the grain boundaries 
in the Al underlayer are marked at A. Two of the grains in the upper layer are 
marked at B. Large extinction contours can be seen in the Al grains and small 
extinction contours are visible in the small surface grains. These surface grains 
are also shown clearly in the dark field picture, Fig. 1 (f). The diffraction pattern, 
Fig. 2 (c), shows many spots, as one would expect with Al3Ni (orthorhombic). 
There was no evidence of any preferred orientation in the surface layer.
At 330 °C
For deposits made at 330 °C the surface layer was not continuous and 
showed an island structure, Fig. 1 (g). These islands were elongated in the Al 
<ll0> directions and had internal fringes parallel to their length. Some of these 
islands had contracted into thicker more spherical particles of about 1000 A diam. 
The diffraction pattern of Fig. 2 (d) shows some order in the Al3Ni diffraction 
pattern. It is possible to produce a pattern, similar to Fig. 2 (d), by drawing the 
reciprocal lattice points in or near the Al3Ni {111} plane, by rotating this pattern 
through 60° and 120° and by inverting it, so as to keep Al3Ni <220) || Al <112). 
This is reasonable because the fit between the lattices in these directions is better 
than 0.5 %. It is surprising, however, if this is the case, that the islands are elongated 
in the Al <ll0> directions and not in the Al <112) directions. More work would 
be needed to understand this further. An interesting point about these deposits 
is that a thin layer of Al3Ni is unstable at 330 °C and prefers to form discrete 
spheres with a lower overall surface area.
Nickel on rocksalt
Figure 4 shows transmission electron micrographs and electron diffraction 
patterns of 35-A Ni films deposited on NaCl at 20°, 180° and 300 °C. At 20 °C 
a film with a very fine structure (10-30 A) was obtained and the diffraction pattern 
was a diffuse NiO pattern; the film presumably oxidised when exposed to air or 
during preparation for electron microscopy. At 180 °C an island structure was 
produced, with 50-100-A islands, and a mixed Ni/NiO diffraction pattern. At 
300 °C the diffraction pattern was entirely of Ni, and the islands, in which some 
evidence of coalescence could be seen, were up to 300 A in diameter.
That the film deposited at 300 °C showed no sign of oxidation was pre­
sumably because the islands were larger and more perfect crystals than in the 
deposits made at lower temperatures, and hence had a lower surface area on which 
to form oxide.
Ino, Watanabe and Ogawa9 evaporated Ni on to vacuum-cleaved and air- 
cleaved rocksalt in both ordinary high vacuum and ultra-high vacuum. They 
found, for air-cleaved rocksalt in UHV (the present conditions), that 400-500-A- 
thick Ni films showed (001) spot diffraction patterns mixed with Debye rings when
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Fig. 4. 35-A N i deposited on N aC I: (a) 20 °C, N iO  diffraction pattern; (b) 180 C, mixed N iO  
and N i d iffraction patterns; (c) 300 C, N i d iffraction pattern.
deposited at temperatures from 0° to 170 °C; from 170 to 400 °C they obtained 
single crystal (001) patterns. They made no mention o f having observed NiO in 
the diffraction patterns.
In the present work a slight tendency to (001) was found in some o f the
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diffraction patterns but mostly they were as shown in Fig. 4. The difference 
between the present observations and those of Ino, Watanabe and Ogawa9 were 
most probably caused by the difference in thickness of the films. Matthews10 has 
grown Ni films of varying thickness on vacuum-cleaved rocksalt at 360 °C: very 
thin (<  10 A) films showed arced spots; as the thickness increased the arcs 
gradually disappeared to give (001) single crystal patterns.
DISCUSSION
At low temperatures Ni was arriving at the surface faster than Al could 
diffuse through the Ni layer to form intermetallic compounds. Similar results 
were obtained by Bulatov11, who condensed Ni onto niobium: at low temperatures 
he obtained Ni; at higher temperatures layers of NbNi and NbNi3 were detected; 
and at 1110 °C with a growth rate of 0.5 ywm/h the layer was entirely NbNi. In 
the present work AINi was detected at low temperatures and Al3Ni at high 
temperatures; it is difficult to determine whether the other intermetallic compound 
Al3Ni2 was present because its strongest diffraction rings are within 1 % in 
diameter of those of AINi. If present, it would be found at temperatures between 
those at which AINi and Al3Ni are found. Since a rather random structure was 
observed at 250 °C with evidence of epitaxy at both higher and lower temperatures, 
with Al3Ni and AINi respectively, it is possible that Al3Ni2 formed first at 250 °C 
and that it is not conducive to epitaxy.
For Al to diffuse right through the 35-A Ni film in the time of the experiment 
(=^ = 25 sec), the diffusion coefficient for Al in Ni or Ni in Al would have to be 
greater than 2x  10-15 cm2 sec-1. From these deposits it is concluded that this 
first occurs at a temperature between 180° and 250 °C. By extrapolating, from 
350 °C, the results of Hirano, Agarwala and Cohen12, the diffusion coefficient 
for Ni in Al at 180 °C is found to be 1.5 x 10-15 cm2 sec-1 and at 250 °C is 
8 x 10-15 cm2 sec-1 ; these values support the observation above.
At 330 °C an island structure was found with a spacing of approximately 
2000 A between island centres. This means that the Ni atoms must have diffused 
approximately 1000 A on the surface in a small fraction of the time of the experi­
ment (say < 10—2: this would be 0.1 of the monolayer time). This leads to a 
surface diffusion coefficient for Ni on Al of D <  10-10 cm2 sec-1, compared 
with a volume diffusion coefficient for Ni in Al12 of 6x 10“ 14 cm2 sec-1 at the 
same temperature. This seems reasonable, since the data of Gjostein13 indicate 
that surface self-diffusion coefficients are approximately 104 times volume self­
diffusion coefficients with similar activation energies.
For Ni on NaCl at 300 °C the spacing between island centres was =^= 200 A, 
a much finer structure than that for Ni on Al. It would seem therefore that Ni 
is more mobile at about 300 °C on a clean Al surface than on an air-'contaminated
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NaCl surface; but because it forms layers of atoms on Al at lower temperatures, 
where it forms an island structure on NaCl, Ni appears to be more firmly bound 
to the Al surface than to the NaCl surface.
CONCLUSIONS
At 70 °C, 35-A Ni forms an epitaxial (111) layer on a (111) Al surface 
with Al <ll0> || Ni <112), the misfit being accommodated partly elastically 
and partly by pure edge dislocations in the Ni layer. Small particles of AINi, 
about 30 A diam., are aligned with the cube axes of the AINi lattice parallel to 
those of the Al lattice.
At 250 °C, Al can diffuse through the Ni as the Ni is being deposited at 
1-3 A sec-1, to produce a continuous layer of Al3Ni, with a smaller grain size 
than the Al and with no preferred orientation.
At 330 °C, Ni is sufficiently mobile on an Al surface to produce an island 
structure of Al3Ni, with the islands elongated in the Al <ll0> directions. The 
Al3Ni islands are not stable if left at 330 °C and tend to assume a spherical form, 
of about 1000 A diam., to minimise their surface area.
Ni is less mobile on an air-cleaved NaCl surface at 300 °C than it is on a 
clean Al surface at the same temperature.
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